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Abstract
Colloidal semiconductor quantum dots (QDs) have gained substantial interest as adjustable,
bright and spectrally tunable fluorophores in the past decades. Besides their in-depth anal-
yses in the scientific community, first industrial applications as color conversion and color
enrichment materials were implemented. However, stability and processability are essential
for their successful use in these and further applications. Methods to embed QDs into
oxides or polymers can only partially solve this challenge. Recently, our group introduced the
embedding of QDs into ionic salts, which holds several advantages in comparison to polymer-
or oxide-based counterparts. Both gas permeability and environmental-related degradation
processes are negligible, making these composites an almost perfect choice of material. To
evaluate this new class of QD-salt mixed crystals, a thorough understanding of the formation
procedure and the final composites is needed. The present work is focused on embedding
both aqueous-based and oil-based metal-chalcogenide QDs into several ionic salts and the
investigations of their optical and chemical properties upon incorporation into the mixed
crystals.
QDs with well-known, reproducible and high-quality synthetic protocols are chosen as emissive
species. CdTe QDs were incorporated into NaCl as host matrix by using the straightforward
"classical" method. The resulting mixed crystals of various shapes and beautiful colors preserve
the strong luminescence of the incorporated QDs. Besides NaCl, also borax and other salts
are used as host matrices.
Mercaptopropionic acid stabilized CdTe QDs can easily be co-crystallized with NaCl, while
thioglycolic acid as stabilizing agent results in only weakly emitting powder-like mixed crystals.
ii
This challenge was overcome by adjusting the pH, the amount of free stabilizer and the
type of salt used, demonstrating the reproducible incorporation of highest-quality CdTe QDs
capped with thioglycolic acid into NaCl and KCl salt crystals.
A disadvantage of the "classical" mixed crystallization procedure was its long duration which
prevents a straightforward transfer of the protocol to less stable QD colloids, e.g., initially
oil-based, ligand exchanged QDs. To address this challenge, the "Liquid-liquid-diffusion-
assisted-crystallization" (LLDC) method is introduced. By applying the LLDC, a substantially
accelerated ionic crystallization of the QDs is shown, reducing the crystallization time needed
by one order of magnitude. This fast process opens the field of incorporating ligand-exchanged
Cd-free QDs into NaCl matrices. To overcome the need for a ligand exchange, the LLDC can
also be extended towards a two-step approach. In this modified version, the seed-mediated
LLDC provides for the first time the ability to incorporate oil-based QDs directly into ionic
matrices without a prior phase transfer.
The ionic salts appear to be very tight matrices, ensuring the protection of the QDs from
the environment. As one of the main results, these matrices provide extraordinary high
photo- and chemical stability. It is further demonstrated with absolute measurements of
photoluminescence quantum yields (PL-QYs), that the PL-QYs of aqueous CdTe QDs can
be considerably increased upon incorporation into a salt matrix by applying the "classical"
crystallization procedure. The achievable PL enhancement factors depend strongly on the
PL-QYs of the parent QDs and can be described by the change of the dielectric surrounding
as well as the passivation of the QD surface. Studies on CdSe/ZnS in NaCl and CdTe in
borax showed a crystal-induced PL-QY increase below the values expected for the respective
change of the refractive index, supporting the derived hypothesis of surface defect curing by
a CdClx formation as one main factor for PL-QY enhancement.
The mixed crystals developed in this work show a high suitability as color conversion materials
regarding both their stability and spectral tunability. First proof-of-concept devices provide
promising results. However, a combination of the highest figures of merit at the same time is
intended. This ambitious goal is reached by implementing a model-experimental feedback
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approach which ensures the desired high optical performance of the used emitters throughout
all intermediate steps. Based on the approach, a white LED combining an incandescent-like
warm white with an exceptional high color rendering index and a luminous efficacy of radiation
is prepared. It is the first time that a combination of this highly related figures of merit could
be reached using QD-based color converters.
Furthermore, the idea of embedding QDs into ionic matrices gained considerable interest in
the scientific community, resulting in various publications of other research groups based on
the results presented here.
In summary, the present work provides a profound understanding how this new class of QD-salt
mixed crystal composites can be efficiently prepared. Applying the different crystallization
methods and by changing the matrix material, mixed crystals emitting from blue to the near
infrared region of the electromagnetic spectrum can be fabricated using both Cd-containing
and Cd-free QDs. The resulting composites show extraordinary optical properties, combining
the QDs spectral tunability with the rigid and tight ionic matrix of the salt. Finally, their
utilization as a color conversion material resulted in a high-quality white LED that, for the
first time, combines an incandescent-like hue with outstanding optical efficacy and color
rendering properties. Besides that, the mixed crystals offer huge potential in other high-quality
applications which apply photonic and optoelectronic components.
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1. Introduction
In 2015, the UNESCO’s "International Year of Light and Light-based Technologies" draws
worldwide attention on one of the key factors influencing humanities evolution. [1] Starting
already more than 100,000 years ago with the purposeful use of log fires, every evolutionary
step in lighting technologies marked a remarkable increase in the general standard of living
and education. The last and probably also largest step was the electrification of light, thus
enabling the access to bright daylight conditions even at night in an easy and safe way.
Nevertheless, general lighting is also one of the largest energy consumers, with a share in
end-point electricity usage of nearly one fifth. [2] To reduce lighting’s energy consumption or
keep it at least constant in the future, several measures where implemented including the
recent ban of incandescent bulbs within the European Union (EU). [3] Light emitting diodes
(LEDs) are seen as one of the most promising candidates to fill this gap. Generating white
light using LEDs can be done using either a combination of three or four differently colored
LEDs or by placing down-converting phosphors on top of a blue or ultra-violet (UV)-LED. [4]
State-of-the-art commercial white LEDs (w-LEDs) are mainly produced using the second
approach and a rare-earth based phosphor. This setup provides only a cold, bluish shade of
white, due to its lack of a sufficient amount of emitted photons in the red spectral region.
Semiconducting materials in the nanometer size regime, so-called quantum dots (QDs)
appeared on the screen, recently. [5] In comparison to their bulk counterparts, QDs display
different physical and chemical properties. Quantum confinement, as one of these, causes the
QD band gap to scale with its size, thus enabling to tune the absorption and emission properties
of the QDs by changing their size. Since their first description in the early 1980’s, [6, 7] a lot
of research has been done enabling the reproducible synthesis of highly efficient, narrow-band
emitting QDs covering the electromagnetic spectrum from UV to infrared (IR) with barely
more than a handful of materials needed. [8–10] Therefore, QDs have successfully been applied
as color conversion materials in scientific research and industrial applications. [11, 12] Regarding
the latter point, both QD Vision and Samsung shall be mentioned as pioneers. However,
the QDs still suffer from the rigid conditions during the hybridization process onto the LED
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as well as the diffusion of oxygen trough the encapsulating materials. For these reasons,
the present work focuses on the incorporation of different QDs emitting in the visible (Vis)
and IR region into several ionic matrices, forming so-called QD-salt mixed crystals. Aqueous
dispersions of QDs are added to saturated salt solutions and stored, till oversaturation causes
the mixed crystal formation. In a subsequent step, those are grinded to a fine powder and
blended onto a blue LED as color conversion layer. By adjusting the amount of differently
emitting mixed crystals, the hue of the final device can be tuned, providing a large range
of accessible colors. Concerning the parental QD solutions, the first part of Chapter 2
provides the synthetic approaches for different QDs. The second part of this chapter deals
with the production of the mixed crystals themselves, presenting the different measures to
optimize the crystallization procedure. Regarding aqueous-based QDs, the addition of extra
stabilizer as well as the reproducible incorporation of QDs into several matrices is discussed.
In comparison, QDs with an organic-based synthetic approach are examined regarding their
ligand exchange and phase transfer procedure into aqueous media and a short outlook on
Cd-free materials is provided. Furthermore, the production of mixed crystals emitting in
the IR-regime is shown. Finally, different crystallization methods are reviewed regarding the
potential for different QDs and their applicability in terms of color conversion devices. Chapter
3 deals extensively with the optical and structural investigations of the parental QDs and
their associated mixed crystals. Since the optical efficiency is one crucial factor for lighting
applications, a main section of this chapter discusses the development of photoluminescence
lifetime (PL-LT) and photoluminescence quantum yield (PL-QY) upon incorporation. Within
this part, structural reasons for the observed behavior shall be derived and, if possible, applied
to increase the overall efficiency of the materials. Secondly, transmission electron microscopy
(TEM) investigations and the problems arising from insulating samples under electron beam
irradiation are examined. Producing a high quality LED requires a basic understanding on the
human vision and how this influences luminaire manufacturing, being the first part of Chapter
4. Subsequently, a model-experimental feedback approach to produce and optimize high
quality warm w-LEDs using mixed crystals is presented. Within this approach, each step from
QD synthesis via mixed crystals preparation to hybridization onto the blue LED is reviewed in
respect of ensuring the applicability as color conversion materials for w-LEDs. Finally, Chapter
5 overviews recent achievements of other groups to provide a thorough insight into the young
field of QD-salt mixed crystals.
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2. Synthesis of Quantum Dots and
Preparation of Mixed Crystals
2.1. Quantum Dots: Synthetic Approaches
During the last three decades, many different protocols for synthesizing semiconducting QDs
have been established, including approaches in organic and aqueous media, methods involving
microwaves, etc. [1–5] Nearly all of them have one thing in common: Their final products are
inorganic QDs covered with a shell of organic molecules, mainly referred to as stabilizing
agents or ligands. Depending on the nature of the synthetic protocol and the resulting
QDs, suitable stabilizing agents include bi-functional short-chain thiols and amines, polymers
as well as long-chain aliphatic carboxylic acids, amines, phosphines, thiols and many more.
These molecules play a major role in preventing aggregation of single QDs to bulk assemblies.
Secondly, they protect the inner core from environmental chemical reactions and saturate
dangling bonds on the inorganic surface. Furthermore, their chemical structure defines the
solubility and stability of the QDs within different solvents, a key parameter in this work. To
ensure a sufficient stability of QD colloids within saturated salt solutions, several factors need
to be taken into account.
Water-based QDs are inherently miscible with saturated aqueous solutions of inorganic salts
making them the first candidates for the production of QD-salt mixed crystals. Nevertheless,
their ligand shell needs to be strong and thick enough to withstand the high ionic strength of
the saturated salt solution during the crystallization procedure. On the other hand, oil-based
QDs have to be transferred to the aqueous phase before they are mixed with saturated salt
solutions, making a ligand exchange procedure necessary. Still, this possibly quality-affecting
additional step in the preparation of mixed crystals is accepted since only oil-based synthetic
approaches provide access to some QD types.
In this chapter, a short overview of synthetic approaches for different QD systems, their
benefits and disadvantages will be given. In the second part, all particular measures and
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approaches allowing the preparation of QD-salt mixed crystals will be discussed and compared
to each other. This includes the "classical" preparation by using aqueous-based CdTe QDs
and NaCl as a host as well as methods derived from this starting point. Furthermore, several
ligand exchange procedures will be compared regarding their quality and applicability for mixed
crystallization. In the end, section 2.4 will focus on the preparation of QD-salt composites
emitting in the near-infrared (NIR) region of the electromagnetic spectrum. As mentioned
above, most of the QD properties and attempts of crystallizing them are affected by stabilizing
agents. Figure 2.1 provides an overview of all stabilizers used during the synthesis and ligand
exchange procedures described within this work.
Figure 2.1.: Overview of typical stabilizing agents used for synthesizing the different QDs, the
subsequent ligand exchanges and their abbreviations used in this work.
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2.1.1. Synthetic Approaches in Aqueous Media
CdTe and Cd1−xHgxTe QDs were synthesized by using water as the solvent. A huge variety of
stabilizing agents is known for both systems and extensively discussed in the literature. [6–9] In
this work, TGA and MPA were used as the only stabilizers due to their well-known behavior,
high PL-QY of the resulting QDs and the variability they offer during the synthesis. A
detailed description of the synthetic procedure, based on references [10, 11], will be given
in the Appendix. In both cases, the two-step synthesis separates the cluster formation and
the particle growth. In the first stage, cations form a complex with the stabilizer, causing a
white turbidity of the solution. The extent of this turbidity is more distinct for MPA-based
and/or Hg containing systems. Subsequently, H2Te is slowly passed through the solution
which contains the stabilizer-cation complexes, causing a cluster formation and a strong color
change of the solution into a brownish-red. During the second step, refluxing induces the
growth of the clusters while the final size of the resulting QDs can be adjusted by keeping
the solution under reflux.
In the case of MPA-stabilized CdTe QDs, the typical growth periods vary from less than one
minute up to a few hours. Such synthesis yields QDs showing absorbance and PL spectra
exemplarily given in Figure 2.2 with PL-QYs between 10 and 45% for green and deep red
emitting fractions, respectively. The synthesis is relatively fast due to the larger size of MPA
and a smaller complexation constant for Cd-thiol in comparison to TGA [12, 13], causing a
weaker stabilization of small QDs and therefore a more rapid growth.
Figure 2.2.: Representative overview of absorption (left) and PL (right) spectra for MPA-
stabilized CdTe QDs synthesized in water. All spectra were normalized to the
first absorption peak or the emission maxima. All samples were synthesized by
using the protocol given in reference [10].
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Thereby, longer emission wavelengths are accessible by using MPA as stabilizing agent and
also provoke a broader size distribution of the QDs. This can be seen directly in the PL
spectra as large full-width-at-half-maximum (FWHM). The blurred 1s-1s transition in the
absorbance spectra is typical for larger CdTe QDs due to a weaker quantum confinement
effect. [14] Nevertheless, CdTe QDs stabilized with MPA emit a pure and intense color, as it
can be seen in Figure 2.3
Figure 2.3.: True-color image of representative batches of CdTe QDs under 365 nm excitation.
The CdTe QDs are either stabilized with MPA (top row) or TGA (bottom row),
while the corresponding absorption and PL spectra can be found in Figures 2.2
and 2.4 respectively.
By using TGA as a stabilizing agent for CdTe QDs, a slightly different picture has to be
drawn. The higher complexation constant and the smaller TGA size create a stronger Cd-thiol
complex during the first stage of the synthesis as well as a better surface coverage of the
final QDs. Both effects reduce the QDs growth rate significantly, leading to longer synthesis
times but also narrower size distributions. This can be directly seen in the more distinct 1s-1s
transition and the smaller FWHM in the absorbance and PL spectra, respectively, as shown in
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Figure 2.4. This slower growth rate predetermines TGA-stabilized CdTe QDs to be the more
suitable alternative for the green-orange region of the spectrum where PL-QYs of 30 - 60%
can easily be achieved. In contrast, deep red emitting fractions of CdTe QDs stabilized by
TGA can only be accessed by extensive synthesis lasting up to several days, already affecting
the overall quality of the batches.
Both types, TGA- and MPA-stabilized CdTe QDs, show a generally high stability of their
optical properties and a colloidal solution upon storage over long time intervals, proving their
suitability as emitting centers for co-crystallization processes.
Figure 2.4.: Representative overview of absorption (left) and PL (right) spectra for TGA-
stabilized CdTe QDs synthesized in water. All spectra were normalized to the
first absorption peak or the emission maxima, respectively. All samples were
synthesized by using the protocol given in reference [10].
Nevertheless, CdTe QDs only offer the possibility to create QDs with emission maxima up to
~850 nm. [11] Shifting their PL-emission into the NIR region can be achieved by preparing
alloyed CdHgTe QDs with a molecular formula of Cd1−xHgxTe, where small amounts of
Cd are replaced with Hg. This exchange can be done either post-synthetic [15, 16] or during
the synthesis. [11] Although both approaches provide different assets and drawbacks, the
second approach was chosen for this work to avoid the necessity of a time consuming shelling
procedure required for the first method. In these ternary systems and in contrast to CdTe
QDs, the optical properties are not only defined by the reaction time and size, but also by
the incorporation of Hg into the resulting QDs and the availability of Hg, as discussed in
detail in reference [17]. All samples shown in Figure 2.5 were synthesized by using MPA as
stabilizing agent and with mercury precursor amounts of 3 to 10 mol.%. MPA was chosen as
a stabilizing agent because it showed the highest stability during the co-crystallization process
for CdTe QDs. By varying the amounts of mercury precursors, QD batches emitting in the
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range from 900 to 1100 nm could be synthesized, providing access to the so-called diagnostic
windows in the NIR region. [18]
Figure 2.5.: PL spectra of Cd1−xHgxTe QDs synthesized in water with varying Hg content. The
samples were synthesized by using a slightly modified procedure of reference [11].
2.1.2. Synthetic Approaches in Organic Media
As already discussed above, oil-based QD synthesis also rely on stabilizing molecules. Here,
different sets of stabilizers, mainly long aliphatic chains with a functional head group, are
used, as depicted in Figure 2.1, to ensure solubility and colloidal stability within the non-polar
hydrophobic solvents. In contrast to water-based approaches, a larger variety of QD systems is
accessible, but often core-only QDs (e.g., CdSe, CdTe, InZnP, PbS) are not long-term stable
under ambient conditions and/or have only limited PL-QY. In most cases, shelling procedures
were proved to be a suitable and reliable method to overcome the disadvantages. [19] In these
protocols, a shell of a different inorganic material (e.g., ZnS, CdS) with a lower reactivity and
a larger band gap is deposited onto the QDs. The shell serves as a chemical and electrical
barrier, both reducing the tendency of core-environment reactions and confining the exciton
within the core. The probably most common method to grow shells on QDs is the so-called
successive ionic layer adsorption and reaction (SILAR) approach [20], in which each monolayer
of the shell material is deposited consecutively. By using SILAR, discrete interfaces are
created, in which lattice mismatches between the core and shell materials can induce defects,
thereby potentially reducing the optical quality of the final QD system.
To avoid this potential weakness, a different approach was used for producing CdSe/ZnS
QDs within this work. Since CdSe and ZnS have a large lattice mismatch, intermediate shells
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of CdS would be necessary to reduce lattice strain if discrete shelling procedures were applied.
Hence QDs with an alloyed shell were used, possessing in radial direction both an energy level
and a composition gradient. Such alloyed structures can be prepared in a straightforward
single-step synthesis where all precursors are simultaneously brought together. Earlier studies
proved [21] that CdSe cores are initially formed due to the higher reactivity of the Cd and Se
precursors in comparison to Zn and S precursors, respectively. Subsequently, intermediate
Cd1−xZnxSe1−ySy species and a final outermost layer of nearly pure ZnS are grown. Similar
to aqueous-based CdHgTe QDs, the ratios of the precursors have both an influence on the
optical properties and the reaction time. Therefore a careful adjustment of these ratios yields
QD batches with emission and absorption properties tunable from cyan to red, as shown in
Figures 2.6 and 2.7. Especially the cyan fractions are highly interesting since these colors
are not accessible via aqueous routes with a satisfactory PL-QY and stability. As described
elsewhere [22], a similar approach can also be used to produce high-quality blue emitting
CdS/ZnS QDs with an alloyed gradient shell which will not be discussed in the present work.
Figure 2.6.: Representative overview of absorption (left) and PL (right) spectra for CdSe/ZnS
QDs with an alloyed gradient shell. All spectra were normalized to the first
absorption peak or the emission maxima. These samples were synthesized in
organic media by using a modified version of the protocol described in reference
[23]. The red- and yellow-emitting samples shown here were kindly provided by
Gordon Stachowski and Christoph Bauer.
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Figure 2.7.: True-color image of CdSe/ZnS QDs with an alloyed gradient shell under 365 nm
excitation. The corresponding spectra of these samples can be found in Figure
2.6.
As Cd-based materials are well analyzed but potentially highly toxic, their transfer to final
applications is limited. As a potential alternative, Cd-free QDs, mainly based on In compounds,
were analyzed. Two different systems, namely InZnP and Cu-doped InZnS, were chosen here.
The InZnP, shelled with GaP and ZnS to protect it from environmental influences and increase
the PL-QY, can easily be compared to Cd-based QDs, due to its similar exciton relaxation
procedure and a direct linkage of core size and band gap. These materials, whose spectra are
exemplarily shown as dotted lines in Figure 2.8, exhibit 1s-1s transitions in the absorption
spectra and broad PL spectra that are typical for In-based materials. Furthermore, the inner
GaP shell mitigates the lattice mismatch of the InZnP and ZnS, thereby releasing stress and
reducing the risk of creating defects during the shelling procedure.
Cu-doped InZnS as the second Cd-free alternative comprises a different system of exciton
relaxation also inducing a non-direct core-size to band gap connection. The absorption of
the photons and thereby the exciton creation takes place in the InZnS host material with
a subsequent non-radiative electron relaxation towards the Cu-level. From this point, the
radiative relaxation to the host’s electronic ground states occurs. Since both the host material
and the dopant are involved in the exciton relaxation process, the resulting emission is mainly
composition tunable instead of size-related. Nevertheless, a shelling of the crude cores with a
wide band gap material (ZnS) is necessary to ensure proper stability and PL-QY, especially
during the subsequent ligand exchange procedures. It should also be noticed that such dopant
emission processes exhibit excitonic lifetimes of hundreds of nanoseconds.
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Figure 2.8.: Representative overview of absorption (left) and PL (right) spectra for Cd-free
QDs. The solid lines show the spectra of Cu:InZnS/ZnS QDs while the dotted
lines represent InZnP/GaP/ZnS QDs respectively. All spectra were normalized
to the emission maxima and, if applicable, the first excitonic transition in the
absorption spectra. Cu:InZnS/ZnS QDs were synthesized by using a modified
version of reference [24] while the InZnP/GaP/ZnS QDs were prepared according
to reference [25]. Five of the samples shown here were kindly provided by
Josephine Lox and Christian Meerbach.
Next to the samples and batches discussed above, some of the following QD-salt mixed crystal
incorporation studies were done by using QDs solely provided by other group members. This
applies in detail to all subsequent discussions on PbS QDs synthesized by Dr. Stefanie Gabriel
and carbon dots (C-dots) provided by Laura Kühn. Furthermore, the CdSe/CdS quantum
dots for phase-transfer analyses were provided by Dr. Klaus Boldt and Dr. Christian Waurisch.
Their preparation will not be discussed in this work, however, detailed information on the
synthetic procedures can be found in references [26–29].
2.2. Preparation of Mixed Crystals*
This section focuses on incorporating QDs of different compositions into ionic crystals by
using different approaches. Embedding QDs into polymers or inorganic matrices attracted
considerable attention due to the expected increase of QD stability in the matrices and the
ease of processability in conjunction with relatively low production costs. [35–38] In terms of
application as devices for lighting displays, as optical gain media, photovoltaics, and color
conversion materials, both the high brightness and long-term stability of such photoluminescent
*Parts of this chapter have already been published. [30–34]
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solid composites are of special interest. [30, 39–41] Common organic polymers like poly(methyl
methacrylate) (PMMA) and poly(styrene) (PS) as hosts can be processed easily. However,
they have relatively high oxygen diffusion coefficients (2.3 · 10−7 and 3.3 · 10−9 cm2/s
respectively) [42, 43] which are inappropriate to protect the QDs from photo-oxidation processes.
Furthermore, rigid conditions during the polymerization process, e.g., free radicals or strong
UV exposure, reduce the overall quality and long-term stability of the embedded QDs. The
majority of inorganic materials, although they are probably less processable, provide on
the contrary an extremely robust and airtight matrix for the embedded substances. The
combination of these beneficial properties together with the tunable emission and high
extinction coefficients of colloidal QDs allows us to create a new class of superior photonic
materials.
Nevertheless, several actions have to be taken to provide a sufficient stability of the QDs
within the saturated salt solution to ensure their proper encapsulation and the formation of
non-powder-like mixed crystals. These analyses, including the control of the particles surface,
the prevention of QD aggregation, the time needed for incorporation and the influences of
different matrices, will be discussed in the upcoming section.
2.2.1. Mixed Crystals from Aqueous-based CdTe QDs
The preparation of QD-salt mixed crystals was demonstrated in 2012 for the first time by using
CdTe QDs as emitting centers and conventional salt crystals such as NaCl, KCl, KBr, etc. [30]
In contrast to long-known salts doped with semiconductor particles by using the Czochralski
process, [44] the mixed crystals presented here were grown at ambient temperatures by the
crystallization from saturated aqueous solutions of the respective salts additionally containing
colloidally prepared, strongly photoluminescent QDs.
As described in the Appendix, the "classical" procedure for preparing mixed crystals is straight
forward. Water-soluble QDs are mixed with saturated solutions of the corresponding salts and
stored for periods of several days up to several weeks in which the slow evaporation of water,
oversaturation and consequently crystallization take place. Alternatively, the crystallization
can take place when hot saturated salt solutions are cooled down, especially in the case
of salts (e.g., KBr) with a steep temperature dependence of their solubility. However, the
resulting large crystallization rates (complete crystallization within less than an hour) lead to
a low nanocrystal loading. All data presented in this section have therefore been obtained
following the crystallization at room temperature. As seen from the images in Figure 2.9, the
microcrystalline phase forming around the edges of the beakers is purely white, and therefore
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QD free, while the macrocrystals formed on the bottom of the glass are significantly colored
due to the incorporation of QDs.
Figure 2.9.: Final stage of the NaCl crystallization in the presence of CdTe QDs of different
sizes. Mixed crystals formed on the bottom of the glass appear colored due to
embedded QDs. Reprinted by courtesy of Nano Lett. 2012, 12, 5348. Copyright
2012, American Chemical Society.
Before they were characterized further, the mixed crystals were taken out of the beaker and
rinsed with cold water to remove residual QDs or any by-product of the synthesis precipitated
or aggregated from their surface. In cases in which the QD concentration was very high or the
QDs had a relatively low stability in salt media it was noticed that some precipitation of QD
aggregates may emerge on the bottom of the beaker. To avoid unnecessary losses of QDs,
the concentration ratio of the components in the solution for the co-crystallization should
be experimentally optimized for each QD batch. The results reported below are obtained
from mixed crystals prepared via optimized routes. Besides the NaCl-based materials, mixed
crystals can also be prepared by using KCl, KBr and K-Na tartrate as host matrices. Examples
of these combinations are presented in Figure 2.10 a) - c), however, a detailed discussion will
be conducted in Chapter 2.3.
The main challenge in the preparation of mixed crystals is to achieve a reasonable long-
term stability of the colloidal QDs in the presence of saturated salt solutions. Premature
coagulation would indeed result in a precipitation of QD aggregates and their removal from
the crystallization process.
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Figure 2.10.: Mixed crystals with differently emitting CdTe QDs incorporated into KCl (a),
KBr (b), K-Na tartrate (c) or NaCl (d) as host matrices. Images a), c) and
d) were taken under 365 nm UV-excitation, while image b) was taken under
simultaneous daylight and UV-excitation. Adapted by courtesy of Nano Lett.
2012, 12, 5348. Copyright 2012, American Chemical Society.
Thus, the QDs which were directly synthesized in water in the presence of short-chain thiols
are most suitable for the mixed crystallization. The required stabilization may be achieved,
for example in the presence of TGA or MPA. Although both capping agents are suitable,
MPA-stabilized QDs proved to be generally more stable in saturated salt solutions than
2. Synthesis of Quantum Dots and Preparation of Mixed Crystals 16
their TGA-stabilized counterparts. Therefore, TGA-stabilized QDs tend to agglomerate and
precipitate earlier and more distinct, leading to more losses during the crystallization process.
This behavior could be explained by mainly longer refluxing periods for TGA-stabilized QDs,
causing a partial decomposition of the TGA and thereby a reduced stability of the resulting
QDs in high ionic strength media. The overcoming of this disadvantage will be discussed in
detail in Chapter 2.2.2.
Figure 2.10 d) shows representative images of mixed NaCl based crystals containing CdTe
QDs under 365 nm excitation. As seen from this figure, the mixed crystals exhibit different but
not cubic shapes which would be expected for NaCl-based crystals. This different morphology
of the host material can be attributed to free stabilizing agents (TGA or MPA) within the
QD-salt solution mixture. Such small and coordinating molecules are well-known to alter the
shape of NaCl crystals from cubic to octahedral. [45] Thereby, the morphology of NaCl-based
mixed crystals can be considered as a directed feedback regarding the amount of excess
stabilizers within the parental (and thereby also the pure QDs) solution. At the same time an
uniformly distributed emission from the incorporated CdTe QDs is shown. The PL spectra of
the crystals cover a spectral region ranging from ca. 550 to ca. 630 nm.
As seen from Figure 2.11, the PL spectral characteristics of the mixed crystals resemble to a
large extent those of the QDs in solution. A red shift of the PL maximum can be observed in
the crystals and may be explained by changes in the dielectric constant of the surrounding
media as well as by reabsorbing the blue part of the spectrum in optically dense samples. An
energy transfer between the well-separated QDs in the composite is less probable. A sufficient
difference in the PL-LTs between mixed crystal samples and the QDs in aqueous solution
(Figure 2.11 b)) could indeed not be observed. This is also considered to be a direct evidence
for maintaining or even a slight improvement of the initial PL-QY of the embedded QDs which
will be discussed in detail in Chapter 3.1.1. The shorter PL-LT of the dissolved crystal sample
is attributed to a partial aggregation of the QDs in the diluted ionic salt solution. Such a
PL-LT shortening due to a non-radiative recombination of excitons is commonly observed in
QD aggregates. [7, 46]
As a next step and in order to reduce the formation time of mixed crystal from several
weeks to a few days, the crystallizations were conducted in an oven at slightly increased
temperatures. First experiments at 30, 40 and 50 °C showed a reduction to 7, 5 and 4.5 days
respectively. All temperatures significantly increased the mixed crystal formation while the
gain in speed of 40 and 50 °C was less distinct in comparison to a crystallization at 30 °C.
Since this temperature also involves the lowest thermal stress to the QDs, all subsequently
discussed mixed crystals were produced at 30 °C in an oven. Besides that, the increased
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crystallization speed offers the possibility to incorporate QDs with lower colloidal stability.
Furthermore, constant conditions within the oven reduce the influence of varying ambient
temperatures and therefore increase the reproducibility of the mixed crystal formation.
Figure 2.11.: Steady-state PL spectra (λex = 450 nm) (a) and time-resolved (λex = 470 nm)
decay traces (b) of an initial aqueous solution of CdTe QDs (black), mixed CdTe
QDs-NaCl crystals (blue) and of the aqueous solution obtained after dissolving
the mixed crystal (red). Adapted by courtesy of Nano Lett. 2012, 12, 5348.
Copyright 2012, American Chemical Society.
2.2.2. Influence of pH, Free Stabilizer and Type of Salt on the
Embedding of TGA-stabilized QDs
As discussed in the previous section, the incorporation of MPA-stabilized CdTe QDs is a
facile and easy method to prepare high-quality QD-salt mixed crystals. In comparison, the
preparation of such composites by using TGA-stabilized CdTe QDs causes some difficulties,
due to a limited stability of the TGA-capped QDs within the saturated salt solution. As a
result, the incorporation of TGA-capped QDs into salts often resulted in low QDs loading
within very small powder like crystals and undesirable agglomeration of QDs outside the
crystals. However, TGA-capping provides the possibility of better synthesis control especially
for CdTe QDs of relatively smaller sizes emitting in green to orange spectral regions. [47, 48]
Since for most applications a photoluminescence covering the whole visible range is needed,
the reproducible and efficient incorporation of strongly emitting TGA-capped CdTe QDs
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into salt matrices is a natural next step during the expansion of the QD-salt mixed crystal
approach. These issues will be addressed in the upcoming section while providing a path
for the reproducible incorporation of such high-quality CdTe QDs into NaCl and KCl salt
crystals without producing powder-like, weakly emitting mixed crystals and/or a loss of large
amounts of QDs due to aggregation. Therefore, different salts used as host matrix, the
amount of additional free stabilizer and the pH value of the saturated salt solution were used
as parameters for the optimization.
To obtain high-quality QD-salt mixed crystals, the parameters of crystallization media like the
concentration of additional free stabilizer, the pH value and the host material (NaCl or KCl)
were systematically varied. Additional TGA stabilizer was added to ensure a sufficiently high
density of stabilizers in the direct environment of the QDs, since TGA can decompose partly
during the synthesis, reducing the stabilizer amount and thus the colloidal stability. [49] The
pH value of the salt solutions was varied in the range of 10-12 to ensure a full deprotonation
of the stabilizer and to keep the electrostatic forces strong enough to maintain colloidal
stabilization in presence of the saturated salt solutions. [50, 51]
Addition of free stabilizer
At first the ideal amount of additional free stabilizer was examined by using a freshly prepared
1 M TGA solution. The amounts of excessive stabilizer are given below as ratios to initial
amounts used in the synthesis.
For mixed crystals with NaCl as host, generally small, nearly powder-like crystals are observed
when no free stabilizer is added. These composites show a red shift in their emission (see
Figure 2.12 a) which mainly derives from the undesired aggregation of QDs and not the
matrix effects. This aggregation was verified by dissolving one of these crystals, resulting in an
only weakly emitting diluted solution while the majority of QDs is still aggregated and forms
a precipitate. Upon the addition of free stabilizer, regardless of the added amount, relatively
large crystal monoliths are formed, as depicted in Figure 2.13. The best results were obtained
with a 0.5- to 2.0-fold amount of free stabilizer. For these TGA amounts, the QD-salt mixed
crystals are homogenous, as shown in Figure 2.13, and show a yellow-greenish emission which
is blue shifted with respect to the initial QDs in solution. The mixed crystals with twice the
amount of extra stabilizer yield the strongest luminescence. The addition of a 0.5- to 1.5-fold
amount still yields strongly emitting mixed crystals, whereas excessive amounts of free TGA
higher as two-fold causes PL quenching. Nevertheless, when adding free stabilizer to the
crystallization solution, the PL peaks broaden in comparison to the initial colloidal solution.
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Figure 2.12.: Normalized PL spectra (λex = 450 nm) of CdTe QDs mixed with different
amounts of free stabilizer and embedded into a) NaCl or b) KCl, respectively.
The spectra were stacked for more clarity and show the development of their
shape and position with respect to the added amount of free stabilizer. The
dotted lines in a) and b) represent the PL-maximum of the initial QD colloids.
Reprinted by courtesy of Z. Phys. Chem. 2015, 229, 109. Copyright 2015, De
Gruyter.
Larger amounts of free TGA are leading to a diminished emission which is shifted to higher
energies, indicating a deterioration of the QD quality (see Figure 2.12 a) and Figure 2.13).
Together with the reduced emission at higher stabilizer concentrations, the incorporation of
aggregates might appear. For example, the appearance of an additional long-wavelength max-
imum for the crystal prepared in the presence of three-folds of free-stabilizer (Figure 2.12 a))
could be attributed to a red shifted emission of such aggregates. The mixed green-orange
emission originating from different parts of the same crystal is also observed in the photography
of the corresponding sample presented in Figure 2.13 (highlighted with an arrow).
As a second salt, potassium chloride was used as a host matrix. For these mixed crystals, the
optimal amount of excessive free stabilizer is one fold of the respective amount used within
the synthesis, yielding mixed crystals with an even composition. Here, the spectral blue shift
upon the incorporation does indeed not appear, but a slight red shift is visible with increasing
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the amount of free stabilizer, as shown in Figure 2.12 b). Furthermore, in comparison to
NaCl as a host material, the PL spectra are not broadened but narrowed upon incorporation.
An additional amount of 1.0- to 1.5-fold of TGA yields the best mixed crystals for KCl. By
increasing the amount of free stabilizer to twice or more, the resulting mixed crystals were less
homogeneous and more powder-like. If, on the other hand, no stabilizer is added, KCl also
shows a stronger red shift similar to that discussed for NaCl. Due to the better predictability
and reduced deterioration of the QDs, KCl was further used as the preferred host matrix for
TGA-stabilized CdTe QDs.
Figure 2.13.: Photography of the TGA concentration series by using NaCl (top) and KCl
(bottom) as host matrix. The numbers give the amount of additionally added
free stabilizer with respect to the amount used in the synthesis. In the case
of the NaCl-QD mixed crystal with a threefold amount of additional stabilizer
(highlighted by an arrow), two emission colors are clearly visible. Adapted by
courtesy of Z. Phys. Chem. 2015, 229, 109. Copyright 2015, De Gruyter.
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To evaluate the origin of the different behavior of the two salts, the evolution of the emission
properties of dissolved mixed crystals was analyzed, as shown in Figure 2.14. In contrast
to previous findings regarding MPA-stabilized particles, [30] dissolving the mixed crystal does
not restore the PL spectrum of the initial colloidal solution. Here, the PL spectrum is blue
shifted, while the overall shape stays constant. This shift, with 45 nm for NaCl and 9 nm
for KCl, strongly depends on the host matrix and reveals that TGA-stabilized CdTe QDs
experience a significant chemical change when getting in contact with the saturated salt
solution. Such shift in the PL-maximum is generally associated with the etching of the QDs
and thereby a reduction in size. [10] The stabilizing agent TGA plays hereby a divalent role. On
the one hand it stabilizes the QDs, preventing their aggregation and the formation of relatively
strong complexes with the etching products on the other hand (most probably Cd2+ which is
the dominant ionic species on the surface of the QDs), favors the ongoing etching. These
TGA-Cd2+ complexes are stronger than the equivalent complexes formed by MPA and Cd2+
which is a possible explanation that the etching is only observed for TGA-stabilized CdTe
QDs. [12, 13] When comparing the host matrices it can be noticed that KCl and NaCl yield
different evolutions of the QDs optical properties upon incorporation. Both salts crystallize
in a sodium chloride structure where the cations and anions are octahedrally surrounded by
their counter ions. The major difference of these salts are their lattice constants, 5.63 Å and
6.26 Å for NaCl and KCl respectively. [52] The incorporation procedure of the quantum dots
into the ionic matrix has not yet been clarified in detail.
Figure 2.14.: Steady-state PL spectra (λex = 450 nm) of an initial CdTe QDs solution (black
line), mixed crystals with KCl and NaCl as host matrix (blue line) and the
aqueous solution obtained after dissolving a mixed crystal (red line). The insets
show the corresponding mixed crystals under UV light, emitting yellow-orange
(KCl) and green (NaCl). Adapted by courtesy of Z. Phys. Chem. 2015, 229,
109. Copyright 2015, De Gruyter.
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The current understanding of the process is based on the assumption that QDs injected
in the concentrated salt solutions act as seeds for the crystallization with a thin salt shell
being immediately formed around them. As it can be seen in Figures 2.13 and 2.14, NaCl
causes a distinct blue shift of the emission while KCl keeps it nearly constant. A possible
explanation for this might be the different ionic radii of Na+ and K+ which are 102 and
138 pm respectively, [53] making it easier for Na+ to reach the QD surface for chemical
reactions. Furthermore, the molar concentrations of saturated solutions from NaCl and KCl
differ by more than 30% (KCl: 4.65 M NaCl: 6.14 M) providing a higher ionic strength and a
generally higher concentration of ions that may cause chemical reactions on the surface of
the QDs and result in QD aggregation.
In summary of this part, the optimum amount of free stabilizer is between 1.0- to 2.0-fold
with the best quality at 2.0-fold for NaCl and 1.0-time for KCl matrices. In each case, the
addition of the free stabilizer leads to a slight etching of the QD surfaces, resulting in a
PL blue shift in comparison to the initial colloid. Adding a free stabilizer does not lead to
mixed crystals with a powdery nature and a red shift in their emission color with respect to
the solution. KCl turned out to be the better choice for TGA-capped CdTe QDs, since the
observed etching is much lower resulting in higher predictability of the formed mixed crystals.
Influence of the pH value on the production of mixed crystals
Besides the amount of free stabilizing agent and type of salt, the pH value of the saturated
salt solution also influences the properties of the resulting mixed crystals. Saturated salt
solutions with an alkaline pH of 10, 11 or 12 were analyzed, since CdTe QD colloids possess
the highest stability within this pH range. [50, 51]
Additionally, optimized conditions with an 1.0- and 2.0-fold amount of free stabilizer for
both salts were applied. The results are summarized in Figure 2.15. As expected, for NaCl,
a strong blue shift is observed whereas for KCl the initial PL-maximum stays only slightly
shifted or nearly constant upon incorporation of QDs. When the free stabilizer is not used,
only relatively weak emitting powder-like crystals may be obtained at all pH values (see as an
example Figure 2.16).
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Figure 2.15.: PL spectra of similar sized TGA-capped CdTe QDs incorporated in NaCl or
KCl as host. The pH of the saturated salt solutions was adjusted to the given
values and for each set, mixed crystals using either pure QDs colloids or with
additional stabilizer were prepared. Adapted by courtesy of Z. Phys. Chem.
2015, 229, 109. Copyright 2015, De Gruyter.
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Figure 2.16.: QD-KCl mixed crystals with just a) pH adjustment, b) pH and one time excess
of free TGA and c) pH and two fold excess of free TGA. Adapted by courtesy
of Z. Phys. Chem. 2015, 229, 109. Copyright 2015, De Gruyter.
As evidenced from Figure 2.17, the best results for KCl were obtained at pH 11 adding a
1-fold amount of free stabilizer. The obtained mixed crystals have a very stable and strong
morphology that is not powder-like, whereas an obvious shift of the PL maximum is not
observed.
Figure 2.17.: PL spectrum (λex = 450 nm) of mixed crystals composed of TGA-stabilized
CdTe and KCl (a), dashed line) as well as the corresponding spectra of the initial
colloidal solution (solid line) and the final LED (dotted line). The latter one is
measured under electrical pumping of a blue emitting InGaN chip. This blue
emission line of the chip is cut out for more clarity. Frame b) shows true-color
images of corresponding samples, i.e., CdTe QDs in form of colloidal solution,
the same QDs embedded in KCl crystals as well as the LED with color conversion
layer containing these crystals. All three photographs were taken under 365 nm
excitation, showing the same emission color (orange) for the solution, crystals
and the conversion layer. Adapted by courtesy of Z. Phys. Chem. 2015, 229,
109. Copyright 2015, De Gruyter.
2. Synthesis of Quantum Dots and Preparation of Mixed Crystals 25
In comparison to the results presented in Figure 2.13, this is an important step toward
reproducible applications in lighting technologies. These optimized mixed crystals composed
of KCl and TGA-capped CdTe QDs show the same shape and position of the PL spectra
compared to the initial colloidal solutions. They can be applied as color conversion materials
(see Figure 2.17 a) and b)) for creating high-quality white or single color light sources. [30, 54]
To verify the generality of these optimized conditions, the above discussed crystallization
procedure were applied to TGA-stabilized CdTe QD batches with PL-maxima at 574 nm
and 633 nm. From each QD batch, mixed crystals with NaCl and KCl as host matrix were
prepared by using either pure salt solutions or pH-optimized (pH 11 and 12 respectively)
mixtures with a one- or two-fold amount of additional TGA. The corresponding PL spectra
can be found in Figure 2.18.
Figure 2.18.: Differently sized QDs incorporated into NaCl (top) and KCl (bottom). Frames
a) and c) show the PL spectra of yellow-emitting particles whereas frames b)
and d) show the corresponding spectra for red-emitting particles. Adapted by
courtesy of Z. Phys. Chem. 2015, 229, 109. Copyright 2015, De Gruyter.
To summarize this section, a method for the reproducible and predictable integration of
TGA-capped CdTe QDs into salt matrices was presented. The influencing parameters such
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as salt type, amount of additionally added free stabilizer and pH value were varied. The
adjustment of pH to an alkaline range of approximately 11 as well as the addition of a one-
to two-fold amount of free stabilizer to the crystallization solution yielded the best results for
KCl and NaCl respectively. However, the crystallization from saturated NaCl solutions causes
a strong etching of the QDs during the crystallization process which results in an undesired
blue shift of the PL spectrum upon incorporation. KCl has proven to be the better choice to
be used as host matrix for TGA-capped CdTe QDs, since a deterioration of the QD quality
could hardly be noticed. These optimized conditions are proven to be reproducible and to
work for several different batches of similar sized as well as differently sized TGA-stabilized
CdTe QDs.
2.2.3. Carbon Dots
Fluorescent materials based on carbonesceous species (carbon dots or C-dots) in the nanometer
range have been attracting increasing attention since they were first discovered about one
decade ago during the cleaning of carbon nanotubes. [55] Their synthetic procedures are mainly
conducted in an aqueous environment from abundant precursors, making them a reasonable
candidate for mixed crystallization with ionic matrices. This class of materials possesses
furthermore excitation wavelength dependent PL spectra with their highest intensity in the
blue region. [56, 57]
The formation of mixed crystals was conducted by using NaCl as host material and the highly
concentrated as synthesized C-dot solution. As shown in Figure 2.19 a) and b), both the
solution and the mixed crystals show excitation-dependent PL spectra, as expected, while
there is no difference in the PL spectra when a lower or higher amount of C-dot solution is
used for preparing the mixed crystals. The most obvious observation can clearly be seen in
images c) and d), showing that even the mixed crystals with higher amounts of C-dots show
only a pale brownish color in comparison to the initial solution. On the other hand, the mixed
crystals show a bright blue emission under 254 nm UV excitation as shown in Figure 2.19 f),
proving that the incorporated C-dots preserve their high emission intensity. After harvesting
the crystals, a strongly colored parental solution remained which is another clear indication
for the poor incorporation of these materials into the ionic host. In comparison, parental
solutions of QD-salt mixed crystals were colorless after the formation was complete, proving
the complete embedding of the QDs within the salt. Apart from that, the C-dots proved to
be extraordinary stable within the salt solutions, allowing a recycling of the remaining parental
solution. Therefore, the remaining part was refilled with a pure saturated NaCl solution which
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could be repeated four times without affecting the colloidal stability or optical properties of
the C-dots.
Figure 2.19.: PL spectra of C-dots embedded into NaCl at a) λex 340 nm and b) λex 400
nm. The black line represents the initial colloidal solution while the red and
blue line are PL spectra of mixed crystals with lower or higher loading amounts
of C-dots. (c-f) True-color images of C-dots in solution and the corresponding
mixed crystals with higher loading amounts. Images c) and d) were taken under
ambient lighting while images e) and f) was taken under 254 nm UV excitation.
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Although promising results were obtained, three main weaknesses of the C-dot based mixed
crystals prevent their wide application despite their presumably lower toxicity in comparison
to other analyzed systems. First of all, the low loading of the mixed crystals with emitting
material would require large amounts in order to form an adequately thick conversion layer.
Secondly, nature and origin of the PL of these C-dots is not clear yet. And finally, a UV source
emitting in the range from 300 to 400 nm would be needed to excite the blue luminescence
which is not favorable in an energetic way. Therefore, upcoming work will focus on analyzing
the optical properties and the stability of the composites in more detail.
2.2.4. Mixed Crystals from Oil-based QDs
Ligand Exchange Processes
Quantum dots synthesized in organic media often have a better tunability in the higher
energy part of the electromagnetic spectrum and a smaller FWHM in the low energy region
compared to e.g. aqueous based CdTe QDs. Unfortunately, their surfaces are covered with
long-chain ligands, making them non-miscible with water-based saturated ionic salt solutions.
To overcome this drawback, two main strategies can be suggested: a) utilizing macrocrystals
of organic substances and b) phase transfer of QDs from nonpolar solvents to water and
subsequent crystallization as discussed above. Unfortunately, the first method delivers only
relatively unstable organic-based crystals that cannot be considered as strong and stable
matrices for QDs suitable for lighting applications. The application of the second method is
limited by a relatively high tendency of phase-transferred QDs in order to coagulate in strong
ionic media. The second approach is nevertheless more promising, since the colloidal stability
can be tuned more easily than the general properties of organic crystals.
The basic principle of a ligand exchange includes the replacement of the original ligands due
to a higher affinity of one of the new ligands’ functional groups towards the QDs surface
atoms. In most cases, the thiol group of bi-functional short-chain ligands like MPA binds via
Lewis acid-base interactions to Cd or Zn atoms on the surface, as depicted in Figure 2.20.
Since the new stabilizing ligands can bind to both the Cd and Zn surfaces, the question arises
why CdSe/ZnS QDs with an alloyed gradient shell are utilized, whereas CdSe/CdS QDs with
a distinct shell have been shown with PL-QYs reaching almost unity for several years. [58] At
the first glance, these materials provide an excellent basis for high-quality color converting
layers with minimal amounts of material. Unfortunately, their transfer to water is not possible
without a dramatic deterioration of the initial PL-QY. [58] This behavior can be attributed to
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the position of the band edge of these materials in comparison to the standard potential of
most of the commonly used thiols. [59] For both the pure CdSe and the CdSe/CdS core/shell
QDs, the valence band edge is below the standard potential of the used thiols causing a hole
trapping on the QDs surface. Since both the hole and electron are needed for a radiative
recombination, hole trapping strongly reduces the PL-QY of such systems. On the other
hand, depositing a ZnS shell on the QDs strongly suppresses this mechanism. The valence
band edge of ZnS is still below the thiols potential but the difference between the ZnS and
CdSe band gaps is big enough to confine the electron and the hole in the core effectively.
Figure 2.20.: General illustration of the replacement of oil-based QDs initial aliphatic ligands
by using exchange methods with short-chain bifunctional molecules as new
stabilizing agents.
To find a suitable ligand exchange process ensuring colloidal stability of the QDs in aqueous
media while having only minor influence on the optical properties, several procedures were
tested which will be explained experimentally in more detail in the Appendix and consecutively
numbered. A brief overview of the different methods is given in Table 2.1. Procedures which
do not replace the initial ligands but wrap another layer organic material around the existing
stabilizing agents are generally also well-known. Unfortunately, such "wrapped QDs" are not
stable in high ionic strength media at all.
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Table 2.1.: Overview of the applied ligand exchange procedures
Label Initial
solvent
Initial stabilizers New stabi-
lizers
QDs used in orig.
reference
Reference
PT1 CHCl3 TOP, OA, ODE MPA CdSe/ZnS Alloy [21]
PT2 Hexan TOP, HPA MPA CdSe/CdS [60]
PT3 Hexan TOPO, OA AMP CdSe/CdS/ZnS [61]
PT4 Hexan OA AOT CdSe [62]
PT5 CHCl3 ODA MPA CdSe/ZnS [63]
PT6 CHCl3 ODA MPA InAs/CdSe/ZnSe [64]
PT7 CHCl3 TDPA, TOP MPA CdTe/CdSe and
CdTe/CdSe/ZnS
[65]
PT8 CHCl3 TOP, TOPO TGA CdSe/ZnS [66]
PT9-
11
CHCl3 SA, HDA TGA, MPA
etc.
InP/ZnS [67]
PT 12 CHCl3 OA, OAm, TOP MPA, MSA,
TGA, MUA
CdSe/ZnS [68]
PT 13 CHCl3 OA GSH PbS [69]
The ligand exchange procedure described in reference [21] which will be defined as PT1 (phase
transfer 1) was used as the starting point. Large amounts of pure MPA as new stabilizing
agent and temperatures up to 100 °C are necessary in this protocol to ensure a proper
exchange. In the second step, the QDs with their new stabilizing agents are precipitated,
washed and dispersed in slightly alkaline water. Figure 2.21 a) displays a representative PL
spectrum of alloyed CdSe/ZnS QDs before and after the ligand exchange, proving that the
position and shape of the QDs emission is nearly unaffected. Unfortunately, the PL-QY drops
to 30-50% of its initial value. The resulting colloidal solution can remain stable up to several
weeks in alkaline aqueous environment but tends to precipitate in contact with a saturated
NaCl solution due to the high ionic strength. Some mixed crystals could nevertheless be
grown by utilizing QDs that were subject to the PT1 ligand exchange procedure. Although
the first results were promising, different approaches had to be analyzed in order to avoid the
excessive use of MPA. Secondly, the temperature applied in the exchange procedure under
ambient conditions might be harmful to the QDs. PT 2-11 were analyzed in the second
step according to literary approaches. [60–67] Most procedures proved to have only a limited
capability when transferring the here used QDs into the aqueous phase successfully.
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Figure 2.21.: a) PL spectrum of alloyed CdSe/ZnS QDs before (black line) and after (red line)
the ligand exchange by using the PT1 procedure according to reference [21]. b)
Resulting QD-NaCl mixed crystals under 365 nm excitation.
Only the method described by Reiss et al. [67] (PT9-11) showed a reproducible and stable
phase transfer for CdSe/ZnS QDs with an alloyed gradient shell. By using this protocol, a
highly diluted QD solution is mixed with an alkaline 0.2 M solution of the replacing ligand
and vigorously shaken for four hours. Due to the two-phase system, long-chain aliphatic
ligands which were removed from the QDs surface can remain in the organic phase, whereas
the short-chain thiol capped QDs move to the aqueous phase, thereby separating reagent
and product. In the end, the phases have to be separated and the resulting aqueous colloid
can be used without further purification due to only a small access of stabilizer. The method
is capable of exchanging the initial QD ligands with either TGA, MUA or MPA. All three
stabilizers produce QD colloids in water, although TGA has the highest tendency to form
agglomerates as well as the lowest emission intensity after the exchange. MUA on the
other hand yields stable and highly emissive colloids in water, but these samples strongly
agglomerate upon contact with any kind of saturated salt solution analyzed, making MPA
the first choice. Such MPA-based solutions have been strongly luminescent and stable under
ambient conditions and light influences for more than six months, proving the high quality
and completeness of the exchange procedure. Figure 2.22 e) shows a representative PL
spectrum of CdSe/ZnS QDs with an alloyed gradient shell in CHCl3 and in water after the
ligand exchange for which protocol PT 11 was used. As it can be seen from Figure 2.22, the
QDs are transferred towards the initially colorless aqueous phase, keeping their pure color and
intense emission (Figure 2.22 c) and d)). The transfer is quantitative, yielding a colorless
CHCl3 phase and no aggregated particles, proving the well-stabilized, ligand exchanged QDs.
Both the shape and position of the PL spectra remain constant during the procedure, as
it can be seen in Figure 2.22 e). No ideal surface passivation is achieved during the ligand
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exchange, causing a typical decrease of the PL-QY to roughly 50% of the initial value, which
means at the same time the largest drawback of the method. [67, 70] It is to be noted that
most of the mixed crystals discussed subsequently were prepared with QDs after their phase
transfer by using this ligand exchange procedure.
Figure 2.22.: True-color images of three different CdSe/ZnS QDs before (a and c) and after (b
and d) the ligand exchange under ambient light (top) and 365 nm UV-excitation
(bottom). e) PL spectra of alloyed CdSe/ZnS QDs before (black line) and
after (red line) the ligand exchange by using the PT11 procedure according to
reference [67]. Adapted by courtesy of ACS Appl. Mater. Interfaces 2015, DOI:
10.1021/acsami.5b08377. Copyright 2015, American Chemical Society.
To overcome the inherent drawback of the PL-QY reduction, more ligand exchange procedures
were analyzed. The main reasons for the PL-QY reduction are a) low-quality inorganic shells
around the emissive QD core [71, 72] and b) an incomplete removal of the original ligands, causing
a reduced stability of the colloids and a tendency to form agglomerates. [67, 73] Furthermore, the
formation of surface traps due to free bonding sites on the QD surface promotes non-radiative
relaxation pathways. [74–77] To solve the latter challenges, a two-stage exchange procedure
has been introduced recently. [68] In this method, the initial long-chain aliphatic ligands are
stripped off by EDA in the first step. Ethylenediamine is only a weakly bonding ligand that
can easily be replaced by strong binding thiol-based ligands as mercaptocarboxylic acids.
By using this approach (PT 12), both the alloyed CdSe/ZnS and the CdSe/CdS QDs were
analyzed. The samples mentioned first mostly retained their optical properties during the
ligand exchange and the subsequent encapsulation into borax, as it can be seen in Figure 2.23.
For these only a slight dependence of the ZnS shell thickness towards retaining the initial
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PL-QY was observed, with thicker ZnS shells providing a better conservation. In comparison
to the previously discussed phase transfer approaches, all analyzed samples showed a higher
PL-QY after the procedure, the overall stability of the samples was, however, lower. This
means that the colloids were less stable during their long-term storage and in the saturated
salt solution. Furthermore, as shown in Figure 2.23 a), the green-emitting QDs show a distinct
red shift upon their transfer to water, while the red-emitting QDs preserve the position of their
PL spectrum. The reasons for this different behavior can be manifold, from the difference
in shell thickness of the ZnS, to a difference in the used stabilizers or the completeness of
the ligand exchange itself. Analyzing these phenomena could spark further studies, including
possible FTIR, NMR, DOSY-NMR, optical as well as Raman and SAXS analyses.
Figure 2.23.: a) PL spectra of two CdSe/ZnS QDs before (in CHCl3) and after (H2O) the
ligand exchange. The subsequently grown borax-based mixed crystals are shown
in b) and under ambient and c) 365 nm UV excitation respectively. Both samples
retain their initial PL-QY during the ligand exchange and salt encapsulation.
The values given in c) are measured for the mixed crystals.
When analyzing the second system, CdSe/CdS, it can be noted that the results differ slightly.
Here, the original stabilizing ligands play major roles in retaining PL-QY upon ligand exchange.
If only OA and octa-/hexadecylamine were utilized, their PL-QY is nearly completely quenched,
which is to be expected according to the reasons discussed above. On the other hand, if QDs
are used with OA, OAm and octadecylphosphonic acid, these samples tend to retain 80-100%
of their initial PL-QY. Unfortunately, the samples are even less stable when being stored and
tend to form agglomerates during the co-crystallization. Therefore, growing mixed crystals
from CdSe/CdS QDs without losing most of the PL-QY for aggregation reasons was not yet
possible. In summary, the EDA mediated procedure provides highly promising first results,
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potentially providing access to QDs with much higher PL-QY in aqueous environment.
Due to their oil-based synthetic route, Cd-free QDs were also subject of ligand exchange
processes. In the case of InZnP/GaP/ZnS, the already adopted version of reference [67]
was used while Cu-doped InZnS/ZnS QDs were transferred to the aqueous phase by using a
simplified version of the method described in reference [78]. In both cases, the procedures
work with significant limitations and have a preliminary character. Compared to the previously
discussed ligand exchanges on Cd-based QDs, the reproducibility was limited, the PL-QY
decreased to ~25% or less of the initial value and the stability of the resulting water-soluble
colloids was also lower than the Cd-based counterparts’ one. Some of the successful phase
transfers by using MPA as new stabilizing agent could nevertheless be conducted.
Mixed Crystal Formation of Ligand Exchanged QDs
As discussed above, the PT1 procedure resulted in relatively stable aqueous colloids of
CdSe/ZnS QDs. Adding these colloids to a saturated solution of NaCl results in an initially
clear and occasionally slightly turbid mixture. After they had been stored in an oven for about
twelve hours at 30 °C, large QD portions constantly precipitated to the bottom of the beaker,
while some fractions remain stable in the solution. Even the addition of free stabilizer (MPA,
deprotonated as described for TGA-stabilized CdTe in Section 2.2.2) could not prevent the
aggregation and sedimentation of large QDs parts. Therefore, the supernatant fluid was
separated from the precipitate and the crystallization was left to proceed, until a couple of
mixed crystals were formed, as depicted in Figure 2.21. These mixed crystals have a cubic
shape which is a clear indicator for a lack of free stabilizing agent, being in compliance with
the reduced colloidal stability of PT1-based aqueous QDs.
The subsequent procedures (PT2-8), although some partially stable colloids were formed,
proved to be not suitable for a co-crystallization of QDs with salts.
On the other hand, the QDs that were transferred in accordance with the protocol for PT9-11
based on reference [67] provided promising and reproducible results. As discussed in the
previous section, only the MPA-based transfer is suitable for mixed crystal formations. This
can be explained by a weak emission intensity or a reduced stability in media with high ionic
strength for TGA- and MUA-stabilized QDs respectively. Still, when applying MPA-stabilized
CdSe/ZnS QDs for mixed crystallizations with NaCl, only mixed crystals with small loading
amounts of QDs can be obtained, as shown in Figure 2.24 b) and d). Borax is used as a
new host material to overcome this problem. Because of its much lower solubility in water in
contrast to NaCl (0.13 mol/L compared to 6.14 mol/L respectively) [53], the ionic strength
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of the saturated borax solution is much lower than for saturated NaCl solutions. Therefore,
the stability of the ligand exchanged QDs is much higher within the borax solution, while
on the other hand, when using the same amount of QDs (2:10 v:v QDs : saturated salt
solution), the QD loading within the resulting mixed crystals is higher. Stripping voltammetry
measurements showed a 3.4 times higher amount of Cd and thereby QDs within borax in
comparison to NaCl-based mixed crystals prepared from the same batch of ligand exchanged
QDs which can also be seen in Figure 2.24.
Figure 2.24.: True-color images of mixed crystals made from the same CdSe/ZnS QD batch
with either borax (a and c) or NaCl (b and d) as host materials. The pictures
a) and b) were taken under ambient light, c) and d) under excitation with a
365 nm UV lamp. Adapted by courtesy of ACS Appl. Mater. Interfaces 2015,
DOI: 10.1021/acsami.5b08377. Copyright 2015, American Chemical Society.
As described before, the ligand exchange procedures for Cd-free QDs are at early stages of
exploration with limited reproducibility. It can be noted that the results presented in Figure
2.25 cannot be considered to be generally representative for the two QD systems displayed.
Image a) and PL spectrum b) show the results for Cu-doped InZnS/ZnS QDs embedded
into borax. The PL-QY of this sample was below 10% in toluene and reduced further during
the ligand exchange which is clearly visible due to the weak emission of the mixed crystals.
Nevertheless, this sample generally proved the suitability of borax as a host matrix for such
QDs, opening a new research field. The InZnP/GaP/ZnS QDs shown in c) and d) of Figure
2.25 behave in a similar way, but with better starting conditions. Here, the PL-QY was 80%
for the as-synthesized QDs, preserving an intense emission of the mixed crystals despite the
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demanding phase transfer as described in the previous section. As expected, both systems
show a slight red shift of their emission maximum accompanied by a change in the dielectric
surroundings upon incorporation. The reason why this shift is less distinct for the Cu-doped
material might be found in the different excitonic recombination mechanisms of the two
materials, as discussed above. It should be noted that this is just one possible hypothesis
which needs to be analyzed in more detail in further studies.
Figure 2.25.: Mixed crystals utilizing Cd-free QDs as emissive centers. a) and b) show a
true-color image and PL spectrum of borax-based mixed crystals with Cu-doped
InZnS/ZnS QDs. c) and d) show a true-color image and PL spectrum of
InZnP/GaP/ZnS QDs embedded into borax. Both images a) and c) were taken
under 365 nm excitation.
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2.3. A Comparison of Different Crystallization
Approaches*
2.3.1. "Classical" Crystallization Approach
The "classical" approach for forming QD-salt mixed crystals is the most analyzed one originally
introduced and developed by Dr. Tobias Otto. [79] In this method, a saturated salt solution
is mixed with a defined amount of aqueous colloidal QD solution and stored under ambient
conditions. During the storage, water slowly evaporates, causing an oversaturation of the
parental solution and inducing the crystal formation. As more water evaporates, larger and
more crystallites are formed. The QDs are evenly distributed within the resulting mixed
crystals which is demonstrated by their homogenous coloration and emission. During the
embedding of the QDs, an alteration of the host crystal lattice is negligible, as shown in the
X-ray diffractogram in Figure 2.26. This is a clear hint that the cavities within the lattices
are formed to include the QDs.
Figure 2.26.: X-ray diffractogram of a mixed crystal sample (black line) and a literature
diffractogram for pure NaCl (red bars), taken from reference [80].
Due to the slow evaporation of water, crystallizations, for which this procedure is used, take
1 week in an oven at 30 °C and up to one month under ambient conditions. An extraordinary
colloidal stability of the QDs within the salt solution is therefore necessary. If this high stability
is reached, mixed crystals with different host matrices can be produced by using this method.
As depicted in the previous chapter, NaCl-based materials are among the best characterized
*Parts of this chapter have already been published. [30, 33]
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ones, but KCl, KBr, K-Na-tartrate or borax are also suitable. KCl behaves for example very
similar to NaCl with slight but important differences. Especially for TGA-stabilized particles,
KCl is the matrix to be chosen for forming high-quality crystals. In both cases, the size
of the mixed crystals is between 0.2 and 1 cm. KBr on the other hand forms significantly
larger mixed crystals, easily exceeding several cubic centimeters. These are usually loaded
with a smaller QD amount, but due to their mostly faster crystallization, less stable QDs
can also be used as emitting centers. The main weakness of KBr in comparison to other
hosts is its distinctly higher hygroscopy which reduces the long-term stability and thus the
quality of the composite materials. For K-Na tartrate, the composites show an anisotropic
QD concentration which might be of interest for some special applications like lasing or
for analyzing anisotropic emitting QDs. For a general application in color conversion, the
non-homogenous loading and the reduced thermal stability of the K-Na tartrate is unfavorable
in comparison to purely inorganic matrices. Borax was used as the last main matrix. As
already discussed, this salt enables an even higher loading of the mixed crystals with QDs
than with NaCl. Furthermore, and also due to its lower solubility, saturated borax solutions
are a media with a lower ionic strength, enabling the use of less stable QD colloids.
Besides these salts composed of mostly monovalent ions, the possibility to form mixed crystals
with multivalent ion-based salts was analyzed which will be discussed in detail in Appendix A.4.
2.3.2. Liquid-Liquid-Diffusion-Assisted Crystallization
As discussed above, one of the weakest aspects of the "classical" approach is that crystallization
requires at least one week and also an extremely high QDs stability within the saturated salt
solution during the long period of crystallization. Consequently, the set of QDs that can be
successfully incorporated into ionic matrices is limited.
In this section, a versatile and fast method for producing high-quality QD-salt mixed crystals
will be discussed, relying on the diffusion and solubility change of inorganic salts (e.g., NaCl)
in solvents with various polarities. Due to the reduced solubility of NaCl in water by the
interdiffusion of the worse solvent, the crystallization will be completed in less than one
day. So the time needed to produce mixed crystals was reduced by more than one order of
magnitude in comparison to the times reported in the references [30,54]. The reduction of
the crystallization time enables the use of even less stable QD colloids (e.g., some ligand
exchanged initially oil-based QDs). Moreover, the adaptation of a two-step seed-mediated
liquid-liquid diffusion-assisted crystallization (LLDC), the direct application of oil-based QDs
for co-crystallization with salts without a prior phase transfer into water was achieved for the
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first time. The resulting mixed crystals exhibit a stable and chemically tight matrix and can
be produced by using a variety of semiconductor colloids, including Cd-free QDs, which may
significantly extend the use of the QDs in photonic applications.
As mentioned above, the recently established LLDC method for preparing QD-salt mixed
crystals takes approximately one day to be completed, being a distinct improvement compared
to former standard crystallization approaches. [30, 32,54,81] The basic principle behind this
method is the different solubility of NaCl in water and organic solvents with a lower polarity,
as shown in Table 2.2. Due to its miscibility with water while having at the same time a much
lower solubility of NaCl in comparison to water, methanol is chosen as solvent to demonstrate
the concept. Furthermore, within MeOH the QDs are stable long enough for enabling the
completion of the crystallization.
Table 2.2.: Solubility of NaCl in different solvents according to reference [82].
Solvent Soluble NaCl
[g · kg−1 solvent]
Water 360
Glycerin 83
Methanol 14
Ethanol 0.65
Due to their relatively high stability in saturated salt solutions, CdTe QDs were first used
for preparing mixed crystals according to the LLDC approach. As schematically shown in
Figure 2.27 a), a stable interface between the MeOH solution and the underlying NaCl-QD
mixture instead of an instantaneous mixing is crucial for a successful crystallization. Due to
the subsequent diffusion of MeOH into water and the consequently reduced solubility, NaCl
crystals with incorporated CdTe QDs are formed within a few hours. Four QD-salt mixed
crystal samples chosen as examples are shown in Figure 2.27 b) and c), proving their color
and intense emission under daylight or UV illumination.
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Figure 2.27.: a) Schematic illustration of the LLDC approach by using the diffusion of MeOH
through a stable interface layer into an aqueous solution containing NaCl and
CdTe QDs. True-color images of an exemplarily chosen set of NaCl-based mixed
crystals containing differently sized CdTe QDs under b) daylight and c) 365 nm
UV-illumination. Adopted by courtesy of Adv. Funct. Mater. 2015, 25, 2638.
Copyright 2015, John Wiley and Sons.
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Figure 2.28.: True-color macroscopic images (column a)) and fluorescence microscopy images
(column b)) of mixed crystals emitting in different colors under 365 nm UV
excitation. Column c) displays the PL spectra of the initial CdTe QDs (dashed
black lines) as well as the corresponding mixed crystals (colored lines). Adopted
by courtesy of Adv. Funct. Mater. 2015, 25, 2638. Copyright 2015, John Wiley
and Sons.
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Figure 2.28 provides a magnified view of the mixed crystals. Column a) represents top view
true-color images under an UV-excitation at 365 nm, whereas column b) shows fluorescence
microscopic images of the green-, yellow-, orange-, and red-emitting mixed crystals. These
microscopic images reveal that the QDs are evenly distributed within the mixed crystals
and that the mixed crystals possess an mostly octahedral crystal shape. As discussed in
Chapter 2.2.1, NaCl generally forms cubic crystals, whereas the addition of small, coordinating
molecules like the stabilizing agent MPA used for the synthesis of CdTe QDs causes a change
in shape towards octahedrons. [45] Therefore, an excess of free ligands exists in the parental
solution. The formed mixed crystals are small, with an edge size of approximately 0.5 mm,
e.g., in Figure 2.28, column b), which means a decrease in size compared to the "classical"
crystallization approach presented earlier where mixed crystals with sizes larger than 1 cm
are obtained. [30] These smaller crystallite sizes can be explained by a fast crystallization
rate in the MeOH diffusion induced oversaturation of the NaCl solution which leads to a
simultaneous formation of larger crystal seeds amounts. Furthermore, the overall reduced
amount of NaCl within the system also supports the formation of smaller mixed crystals.
Column c) of Figure 2.28 shows the corresponding PL spectra of the mixed crystals (colored
lines) in comparison to the PL spectra of the pure QDs in solution (dashed black lines). All
four samples show a minimal red shift in their emission maxima upon incorporation into
the salt matrix which is related to the change of the dielectric constant of the surrounding
media. [30]
When using LLDC, the production of mixed crystals can also be performed with other solvents
like ethanol, and other salts such as KCl. In both cases, the resulting mixed crystals are
much more powder-like, as it can be seen from Figure 2.29. This might be explained by the
lower solubility of NaCl in EtOH and KCl in MeOH in comparison to NaCl in MeOH, yielding
an even larger number of crystallization seeds during the diffusion of the alcohols into the
underlying water phase leading therefore to the formation of more but smaller mixed crystals.
Figure 2.29.: Optical images of mixed crystals (CdTe/NaCl) made by using EtOH as the
non-solvent, exposed under a) room light and b) 365 nm UV excitation. Visual
images of mixed crystals (CdTe/KCl) made by using MeOH as the non-solvent,
exposed under room c) light and d) UV light. Adopted by courtesy of Adv.
Funct. Mater. 2015, 25, 2638. Copyright 2015, John Wiley and Sons.
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Preparation of Mixed Crystals Using Oil-Based QDs After Ligand Exchange
As discussed in Chapter 2.1.2, hot injection techniques have been extensively analyzed to
obtain high-quality QDs with a small size dispersion and high PL-QYs. These QDs are
mainly stabilized in nonpolar solvents by long-chain alkyl phosphines (e.g., TOP/TOPO) and
alkanoic acids. Exchanging the ligands on the surface with shorter polar molecules like MPA
is one efficient way to make these QDs water-soluble and accessible for the co-crystallization
with salt. However, this approach is limited as the stability of ligand exchanged QDs in
salt solutions is moderate and therefore not always compatible with the traditionally used
long-time crystallization approach. [31] At the same time, when using LLDC, the inherent
drawback of the ligand exchanged QDs can be overcome as a result of the acceleration of the
crystallization procedure by more than one order of magnitude. Figure 2.30 shows the results
for NaCl mixed crystals containing ligand exchanged MPA-capped CdSe/ZnS core/shell QDs
with an alloyed gradient shell (a-c) as well as InZnP/GaP/ ZnS core/shell/shell QDs (d-f).
Figure 2.30.: a), d) True-color images and b), e) microscopic images under 365 nm UV-
excitation as well as c), f) PL spectra of mixed crystals with a)-c) CdSe/ZnS
QDs or d)-f) InZnP/GaP/ZnS QDs. The mixed crystals are prepared after
replacing the long-chain ligands with MPA. Adopted by courtesy of Adv. Funct.
Mater. 2015, 25, 2638. Copyright 2015, John Wiley and Sons.
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At first glance, a more cubic-like structure of the mixed crystals is obtained (Figure 2.30 b)
and e)), indicating a much lower amount of free MPA in the parental solution. A smaller
amount of ligands on the surface is one major parameter that causes a reduced stability of
the QDs in the salt solutions. By applying the LLDC method, these materials can be made
accessible for a co-crystallization with NaCl without larger losses due to the shorter time
needed for completing the crystallization process. The trade-off which has to be made by
using ligand exchanged QDs for the incorporation into solid matrices is the inherent reduction
of the PL-QY during the ligand exchange. At the exchange step, the PL-QY is reduced to
25%-50% of its initial value.
Preparation of Mixed Crystals Using Oil-Based QDs without Prior Ligand
Exchange
To overcome the critical step of exchanging ligands, the LLDC method was extended to a
two-step seed-mediated approach, as schematically illustrated in Figure 2.31.
Figure 2.31.: Schematic illustration of the seed-mediated LLDC method which enables the
direct usage of oil-based QDs for crystallization without a prior ligand exchange.
In the first step, QDs are adsorbed on the surface of the formed NaCl seeds,
while the LLDC in the second step provides a complete encapsulation of the
QDs by growing the seeds to larger mixed crystals. Adopted by courtesy of Adv.
Funct. Mater. 2015, 25, 2638. Copyright 2015, John Wiley and Sons.
First, the addition of the NaCl saturated MeOH solution into the diluted QD solution causes
a drastically reduced solubility of NaCl, creating NaCl seed crystals (seen as turbidity in
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Figure 2.32). During their formation, most of the QDs are adsorbed on the surface of the
NaCl seeds to reduce the QDs surface-free energy. These small crystallites can already be
used for further applications, but due to the large amount of QDs solely on the surface, these
seeds do not provide a thorough protection of the QDs. However, they can ideally be used as
crystal seeds for growing mixed crystals subsequently by simply repeating the LLDC approach.
Afterwards, the LLDC is performed as a second step by dispersing the seeds in pure MeOH
and injecting an underlying layer of the NaCl solution. MeOH is used as the mediation solvent
due to its miscibility with water and nonpolar organic solvents like CHCl3 being at the same
time a non-solvent for the QDs.
Figure 2.32.: True-color image showing the presence of a stable interface (indicated by the
red arrows) between two CdSe/ZnS QD/NaCl seed solutions (a) green-emitting,
b) red-emitting QDs) and the underlying MeOH solution. Adopted by courtesy
of Adv. Funct. Mater. 2015, 25, 2638. Copyright 2015, John Wiley and Sons.
Figure 2.33 shows mixed NaCl-based crystals composed of either green-, yellow-, or red-
emitting oil-based CdSe/ZnS QDs without a ligand exchange prepared via the seed-mediated
LLDC method. As can be seen from the microscope images (Figure 2.33 a), d) and g)),
the mixed crystals exhibit a pure color emission and a cubic shape. This shape is to be
expected since small coordinating molecules which would alter the shape into octahedrons are
not present during the complete crystallization process. In comparison to the LLDC results
discussed above, the emission centers are furthermore not evenly distributed within the mixed
crystals but mostly concentrated around the initial seed.
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Figure 2.33.: a), d), g) Microscopic images under 365 nm UV-excitation and c), f), i)
PL spectra of green-, yellow- and red-emitting CdSe/ZnS QDs incorporated
into NaCl without any prior ligand exchange by using the seed-mediated LLDC
approach. b), e), h) Photograph j) shows a true-color image of the corresponding
mixed crystals under 365 nm UV excitation. Reprinted by courtesy of Adv.
Funct. Mater. 2015, 25, 2638. Copyright 2015, John Wiley and Sons.
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This confirms the concept of the QD adsorption onto the seeds in the first step and their
subsequent coverage with mainly pure NaCl during the second-step LLDC, as shown in Figure
2.33 b), e) and h). The corresponding PL spectra are shown in Figure 2.33 c), f) and
i). These spectra exhibit a slight red shift which can be explained by the change of the
surrounding media as discussed above. No signs of aggregation like broadening, an intense
red shifts or scattering effects are observed. Figure 2.33 j) shows a true-color image of the
mixed crystals under 365 nm excitation, proving their intense emission.
2.4. Mixed Crystals Emitting in the Infrared Region
Mixed crystals emitting in the NIR region have main application possibilities at three different
wavelength areas. As already mentioned in the synthesis section 2.1.1, two biological windows
exist between 700-950 nm and 1000-1300 nm in the electromagnetic spectrum since tissues
have an absorption gap due to a comparably low absorption coefficient of skin, fat and
blood. [83] Furthermore, an emission wavelength around 1300 nm is an established area for
telecommunication signals. [84, 85] Therefore, mixed crystals emitting in these three NIR areas
are of high interest for both scientific studies and commercial application. It is noted here,
that a second telecommunication window around 1550 nm can not be covered by the emission
of the QDs used in present work.
First attempt, CdHgTe QDs were used as emitting centers and embedded into NaCl as
host matrix according to the discussed "classical" crystallization approach. These samples
were thoroughly analyzed in cooperation with our partners at the City University of Hong
Kong regarding steady-state and time-resolved PL properties as well as their behavior upon
temperature changes. The results from three exemplarily chosen samples emitting in the
range of 900 to 1100 nm are summarized in Figure 2.34. The left column displays the PL
behavior of the QDs upon incorporation and after redissolving the mixed crystals, while the
right column shows the temperature stability tests.
A sample of mixed crystals emitting in the first biological window is shown in Figure 2.34
a) and b). Upon the encapsulation, the maximum of the PL is redshifted by 25 nm towards
946 nm. Such a change of the PL maximum to lower energies is expected and matches the
results obtained for aqueous based pure CdTe. Again, it can be explained by the change of
the dielectric constant of the surrounding media. [30] After dissolving one of the mixed crystals,
the PL spectrum is blue shifted in respect of the initial solution. As discussed in Section
2.2.2, such a blue shift is an indicator for a partial etching of the QDs upon incorporation
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due to salt-QD interactions and might occur when the chemical stability of the QDs is lower
than usual.
Figure 2.34.: PL spectra for three different mixed crystal sets based on aqueous Cd1−xHgxTe
QDs. The left column displays the evolution of the optical properties upon
incorporation of QDs into the ionic matrix and the subsequent dissolving, whereas
the right column shows the optical properties of the mixed crystals after certain
times kept at 70 °C.
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Such reduced stability emerges when stabilizers are partially decomposed and when the sample
ages over time. In the case of the QD samples used here, both events are possible. With
regard to the PL-LT at the emission maximum, no significant effects (105, 98 and 89 ns in
solution, salt and after dissolving respectively) occur during the incorporation and subsequent
dissolution, although a slight tendency towards a reduced PL-LT is obvious. The mixed
crystals have a good stability regarding steady-state and time-resolved PL features upon
appropriate temperature treatments. Therefore, the QDs were heated up to 70 °C for a
certain time, cooled down to room temperature and characterized afterwards. As it can be
seen from Figure 2.34 b), both the position and the PL-LT (98 and 87 ns for the initial
salt and after 80 min at 70 °C, respectively) of the PL remain constant during the analysis.
According to the relation between PL-QY and PL-LT, drastic effects on the PL-QY can be
excluded due to the constant PL-LT which is also in conformity with previous publications
showing that negligible changes in PL-LT at least do not result in a reduction of PL-QY
for aqueous QDs. [31] The graphs shown in Figure 2.34 c) - f) display mixed crystals and
the corresponding colloids from the same synthesis but after different refluxing times and
therefore distinct sizes as well as varying optical and chemical properties due to other Cd:Hg
ratios. [11] Graphs c) and d) show the properties of the earlier fraction with a PL-maximum
of the QDs in solution at 940 nm. The incorporation of those QDs into NaCl results in a
distinct red shift of about 150 nm which can mainly be explained by an aggregation of the
QDs. This hypothesis is supported by the reduction of PL-LT and the doubling of the FWHM.
Nevertheless, the aggregation seems to be reversible, since dissolving the mixed crystals results
in a nearly perfect restoration of the optical properties. During the temperature stability tests,
this sample behaves in a very similar way as the ones discussed above, showing only minor
changes in PL-LT. For the steady-state PL, a slight tendency of shifting to the high-energy
region of the spectrum is observed which is still negligible.
In the case of mixed crystals prepared from the QDs with a longer refluxing time, a slightly
different picture arises. First of all, no signs of severe aggregation can be derived from the
optical measurements, as it can be seen from Figure 2.34 e). Both the FWHM and PL-LT
remain almost constant upon incorporation into NaCl, matching the observations of the
sample shown in Figure 2.34 a) and b). Here, the expected red shift of the mixed crystal’s
PL-maximum in comparison to the QD solution is also within the general range. On the other
hand and in comparison to graphs a) and b), dissolving the mixed crystals restores the initial
optical properties, showing no sign of etching induced by a contact with the saturated salt
solution. This observation and the reduced tendency to form aggregates indicate a higher
colloidal and chemical stability of these QDs. Such behavior is generally associated with a
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better surface passivation. It should be noted that this theory is based on experiences with
CdTe systems and that it has to be further analyzed in order to be understood completely
and thoroughly.
Although the results discussed above are highly promising, only the range up to 1100 nm
can be covered with these CdHgTe-based samples. In order to reach the telecommunication
windows at 1300 nm, CdHgTe QDs with 10 mol.% mercury were synthesized, with the
corresponding PL spectra shown in Figure 2.5. Unfortunately, these samples as well as some
pure HgTe QDs were not stable in any analyzed salt (saturated NaCl, KCl, KBr or borax
solutions). Therefore and due to the good tunability in terms of the optical properties, PbS
QDs were analyzed regarding their applicability as emission centers in mixed crystals.
PbS QDs are produced by using a hot-injection method and are therefore only soluble in
organic solvents, making a ligand exchange or the application of the two-step LLDC necessary.
For the latter, only a complete aggregation of the QDs directly after adding MeOH to the
CHCl3 solution was observed, providing no possibility for forming mixed crystals when this
method is used. First of all, the ligand exchange was conducted by using PT 11, as discussed
in section 2.2.4 as well as a modified version of it in which the hydrophobic solution is mixed
with MeOH containing MPA as a new stabilizer. In a second step, the QDs were precipitated
and redispersed in water. Both attempts delivered aqueous colloidal solutions of PbS QDs
which remain stable for a few hours up to several days, depending on the sample and method.
When getting in contact with the saturated salt solution, a complete aggregation appeared,
resulting in a clear parental solution and a black sediment of PbS aggregates within hours.
Therefore, a ligand exchange according to reference [69] was used, labeled as PT 13. In
this procedure, a long-chain OA is replaced by GSH in a slightly acidic aqueous environment.
When using this method, PbS QDs were successfully transferred to water and were able to
remain colloidal stability in the dark under ambient conditions up to three months. During
the first attempts to form mixed crystals by using NaCl or borax, a sufficient colloidal stability
of the QDs was observed but even after a complete evaporation of water no incorporation
of the QDs into ionic matrices was achieved. As it can be seen from Figure 2.35 c), the
behavior is different for KBr, where the QDs are incorporated in some cases, forming small
but strongly colored mixed crystals. As depicted in graph a), such composites resemble a
slightly red shifted but not broadened PL spectrum in comparison to the initial QDs in CHCl3.
Nevertheless, KBr is not a suitable matrix due to its high hygroscopy and the incorporation
was also not reproducible for different batches of PbS QDs. Therefore, mixed crystals based
on sucrose were grown according to reference [81], with a homogenous and reproducible
loading of QDs, as shown in image e) of Figure 2.35. The corresponding spectra of the initial
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QDs and the mixed crystals are displayed in graph b), showing an expected slight red shift but
not a change in the overall spectral shape. When sucrose is used as host material, composites
with an emission maxima at ca. 1050 and ca. 1320 nm could be prepared, covering both the
second biological window and the telecommunication area at 1300 nm.
Figure 2.35.: a) Absorption (black line) and PL spectra (red line) of PbS QDs in toluene and
the corresponding PL spectrum in KBr (blue line). b) PL spectra of PbS QDs
in toluene (black) and after the incorporation into sucrose. c) True-color images
of KBr-based mixed crystals, d) aqueous PbS QD solution and e) sucrose-based
mixed crystals. It should be noted that these images were chosen exemplarily
and that the different mixed crystals were not grown from the same batch of
PbS QDs.
As a proof-of-concept system, the IR emitting mixed crystals based on CdHgTe QDs embedded
into NaCl were blended onto a blue-emitting LED as excitation source. The corresponding
PL spectra of the initial solution, the mixed crystal and the resulting device can be found in
Figure 2.36. The graph clearly shows that upon embedding the mixed crystal powder into the
silicone on top of the excitation source, no change in the optical properties occurs as expected.
Such a light source could be used for external bioimaging processes or as an excitation source
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for upconversion materials. Furthermore, the use as an IR light guide for automated surgeries
as well as other in vivo bioimaging processes with these crystals as conversion material on
top of fiber optics are possible.
Figure 2.36.: PL spectra of CdHgTe QDs in solution (black line) after incorporation into NaCl
(red line) as well as powderized mixed crystals blended on top of a blue emitting
1 W InGaN LED as excitation source (blue line).
2.5. Summary
Briefly, a short overview of the synthetic procedures of the used QDs was given in the first part
of this chapter. In the second part, approaches for the mixed crystal preparation were discussed.
For aqueous CdTe, the "classical" crystallization method as well as the optimizations based
on this initial versatile and simple route are presented. One main aspect was to generate
a protocol for embedding TGA-stabilized CdTe QDs due to their better tunability in the
green-yellow part of the visible spectrum. Oil-based QDs, as the second main system of QDs,
had to be phase transferred to make them compatible with the co-crystallization which was
successfully demonstrated. Their embedding into the ionic matrix proved to be less straight
forward and was accomplished by using either borax as the host matrix or applying the LLDC
method for a rapid crystallization. Finally, QDs emitting in the two biological windows as well
as the first telecommunication window were successfully embedded into different matrices
and a proof-of-principle device utilizing them as down-conversion material was presented.
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3. Optical and Structural Analyses
In the previous chapter, different ways for producing QD-salt mixed crystals were discussed,
while an overview of the possibilities they offer was also provided. However, an in-depth
understanding of the processes occurring during the QD incorporation and their impact on
the optical properties of the resulting mixed crystals is necessary. The determination of both
optical and structural peculiarities of the mixed crystals provides the basis for their specific
design. This information can be gathered by using TEM, chemical and optical stability tests
as well as time-resolved and steady-state photoluminescence measurements which will be
discussed in the upcoming chapter.
To allow the use as color conversion materials, high PL-QY as well as reproducible and
stable emission spectra are among the essential requirements. Consequently, a systematic
study allowing to interpret changes in the luminescence behavior of the QD colloids upon
incorporation into the ionic matrices was performed. In order to understand the origin of
the bright emission of QD-salt composites and to aim at an efficient matrix control of their
PL-QY, the PL behavior of these fascinating materials was studied in more detail. Therefore,
differently sized parent CdTe QDs with two different thiol capping ligands, TGA and MPA
as well as CdTe QDs with low and high PL-QY in an aqueous solution were focused. The
resulting QD-salt composites were characterized by the absolute measurements of their PL-QY
and studies of their PL decay kinetics. Additionally, the PL behavior of different CdSe/ZnS
QDs with an alloyed gradient shell and a stabilization by OA and MPA was analyzed. They
were incorporated into different matrices according to the "classical" and the LLDC approach
in order to understand the influence of the salt matrix on the PL properties of the embedded
QDs better.
The production of a high-performance optical material based on QDs embedded into a matrix
is only possible when the QDs are well separated within the host, preventing prominent
self-quenching mechanisms. TEM measurements grant the possibility to evaluate the mixed
crystals on a nanometer scale and to check if the different preparation methods yield non-
aggregated QDs within the matrix.
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Besides superior initial optical properties, potential color conversion materials need to provide
a sufficient durability in terms of photo-oxidation and chemical stability. These studies will be
discussed in section three of this chapter.
3.1. Photoluminescence Quantum Yield Measurements*
Over the last decades, fluorescence spectroscopy became a major tool for determining
and analyzing a variety of samples, including classical organic dyes [4, 5], rare-earth doped
oxides [6, 7], upconversion materials [8, 9] and QDs [10, 11]. Apart from the position and shape
of the fluorescence spectra, the PL-QY φ is one of the key factors allowing to evaluate and
classify all the above mentioned samples. φ is defined as the ratio of emitted to absorbed
photons and is therefore a straight measure of the fluorophores’ luminescence efficiency,
playing an important role in applications as fluorescent labels [5, 12,13], dye-sensitized solar
cells [14–16], color conversion materials [1, 17] and in biological assays [18–20].
The measuring of the PL-QY is usually carried out in two possible ways, although other
measurement procedures are known requiring more sophisticated setups. [21–23] Both methods
have advantages and disadvantages which are briefly summarized in Table 3.1. [24]
Table 3.1.: Main differences of relative and absolute quantum yield measurements
Relative determination Absolute determination
Suitable for liquid, non-scattering samples Suitable for all (non-)scattering samples
Measured by using a fluorescence standard
emitting in the same spectral region
No standard needed
Sample optical density (OD) must match the
OD of the standard
Sample OD more variable, lower ODs are
easier to measure
Excitation wavelength mainly determined by
the fluorescence standard used
Excitation wavelength variable, only limited
by the instrument itself
No blank sample needed Blank sample needed
Roughly 20 min per measurement Roughly 20 min per measurement
Easy to perform with most common fluores-
cence spectrometer setups
More sophisticated setup including an inte-
grating sphere
*Parts of this chapter have already been published. [1–3]
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The first option is based on a relative measurement [25] in comparison to a fluorescent standard
of a known fluorescence quantum yield. In the second attempt, an absolute measurement
with an integrating sphere setup [26] is applied. As shown in Table 3.1 and Figure 3.1,
relative PL-QY measurements require only a common laboratory equipment, e.g., a standard
absorption and fluorescence spectrometer. On the other hand, the main drawback of this
method is the need for a reliable and spectrally matching fluorescence standard of known φ.
Figure 3.1.: Schematic illustration of a fluorescence spectrometer. [26] By using setup 1,
all measurements are carried out in a 90° measurement geometry, capable
of measuring relative quantum yields of non-scattering samples. The more
sophisticated setup 2 includes an integrating sphere as sample chamber, providing
the possibility of an absolute quantum yield determination and the reliable
measurement of scattering samples. It should be noted that in the case of
the 90° geometry, polarizes could be equipped before and after the sample
chamber, enabling anisotropy fluorescence measurements. Adapted by courtesy
of Macmillan Publishers Ltd: Nature Protocols 8, 1535-1550, copyright 2013.
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Absolute measurements spare the need for a fluorescence standard but require more sophisti-
cated setups which are not yet available everywhere. Furthermore, an optically matching blank
is needed to correct matrix effects in the case of absolute PL-QY measurements. The main
reason for the different requirements of the two methods originate is that, within an integrating
sphere, all emitted photons are collected, whereas in a 90° fluorescence spectrometer only a
small portion of the samples’ emitted photons is collected. This share cannot be determined
for sure, since it depends on many factors, including emission wavelength, scattering of the
sample, sample geometry, refractive index of the solvent, etc. [24] Therefore, the sample has
to be compared to a known standard with closely matching optical properties.
Figure 3.2.: PL (black) and absorption (red) spectra of a) CdSe/CdS, b) TGA-stabilized CdTe
and c) MPA-stabilized CdTe. Arrows mark the chosen excitation wavelengths
for PL-QY measurements and the corresponding PL-QY. For this study, all
measurements were conducted at least twice and the average is shown here.
While the excitation wavelength is strongly predetermined by the fluorescence standard in
the case of relative measurements, it can be freely chosen for an absolute determination.
Therefore, possible λex dependencies of the PL-QY need to be considered when the latter
method is used. In case of relative measurement, dependencies can hardly be evaluated
due to the restricted λex, predetermined by the fluorescence standard used. As reported
in the literature [27], PL-QY of both core and core/shell QDs may vary depending on the
chosen excitation wavelength, especially in the higher energy excitation range. In Figure
3.2, both absorption and PL spectra of three different QD systems are displayed. PL-QYs
were measured at five different wavelengths, where the absorbance spectrum showed defined
features in the case of CdSe/CdS, displayed in graph a). For the CdTe systems in graphs b)
and c), no clearly resolved transitions with the exception of the 1s-1s can be derived from the
absorbance spectra. Therefore, wavelengths generally used for absolute PL-QY measurements
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(480 and 450 nm) or relative measurements by using the most common dyes Rhodamine 6G
and 101 (500 and 525 nm) were chosen. The fifth λex for these systems was selected to be
within the energetically higher depression following the 1s-1s transition. As it can be seen
from Figure 3.2, the measured PL-QYs fluctuate mainly within the systematical error of the
procedure, determined to be lower than 7% [28] in the analyzed spectral area. Still, a general
independence of the PL-QYs from the λex for these three QD systems cannot be excluded.
Therefore, all of the following measurements were conducted at a fixed excitation wavelength
of 480 nm, unless this would overlap with the QDs emission in the case of cyan samples. In
those cases, 450 nm were chosen as λex to ensure that the measured results can be compared
to each other.
Nevertheless, in case of both absolute and relative determinations, PL-QY measurements are
nontrivial and may be influenced by a large amount of potential error sources. Some of the
most common errors as well as how they can be avoided are discussed in the subsequent
paragraph.
The equipment shall be thoroughly cleaned, especially the cuvettes used. They should be
made of the same material (quartz is mandatory for measurements at wavelengths < 400 nm),
have four polished windows and identical dimensions. Only spectroscopy grade purity is
recommended as solvents and standard dyes, since even small amounts of impurity may affect
the measured results. While the sample and standard solution are prepared, ca. 15 min
of equilibration time is recommended to ensure a proper dispersion of the sample in the
cuvette and to dissolve aggregates of solid samples. This can be monitored by measuring the
absorbance spectra within a short time interval of 10-15 minutes. If the measured spectra
differ, longer equilibration times are needed to ensure valid measurements. Secondly, the
absorbance of the analyte and (if applicable) the standard have to be below 0.1 (< 0.05
for absolute measurements) at the desired excitation wavelength to minimize reabsorption
effects. On the other hand, the concentration should not be too low, since otherwise the
measurements may be distorted by poor signal intensities and concentration dependencies
of the PL-QY. [29] Therefore, absorbance ranging from 0.01 to 0.1 (0.05 in case of absolute
measurements) are recommended. Before the measurements are started, the calibration of the
monochromators of the spectrometers shall be checked by using standard procedures provided
by the manufacturer. Additionally, the amount and position (in case of, e.g., hydrogels)
of the analyte solution in the cuvette shall be selected to ensure that the excitation beam
hits the sample. Proper excitation wavelengths and emission ranges need to be used for the
measurements as well as an optically matching blank in order to correct matrix influences.
Furthermore, appropriate temperature conditions are necessary, since a variety of samples
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shows temperature-dependent PL-QYs. A comprehensive knowledge of the samples’ behavior
is also required to ensure that no sample-solvent or sample-excitation light interaction may
corrupt the conducted measurements.
Finally, Table 3.2 displays four different widely used fluorescence standard materials for the
visible range of the electromagnetic spectrum. These materials meet the standards defined in
a technical note by the IUPAC [30] and can be purchased with a reliable purity at reasonable
prices. They can furthermore be used without special conditions like purification steps, inert
atmosphere or uncommon solvents, making them easily applicable.
Table 3.2.: Selected known fluorescence standards, their emission and absorption ranges,
solvents and fluorescence quantum yields. [24]
Solvent Absorbance
[nm]
Emission [nm] Fluorescence
quantum yield
Quinine sulfate 0.105 M HClO4 270 - 400 385 - 700 0.59
Fluorescein 0.1 M NaOH 400 - 550 490 - 690 0.89
Rhodamine 6G Ethanol 425 - 575 505 - 750 0.91
Rhodamine 101 Ethanol 475 - 620 540 - 750 0.915
3.1.1. PL-QY Measurements on QDs and Mixed Crystals
All samples, both parental colloidal QD solutions as well as mixed crystals were prepared
according to the methods described in Chapter 2. Due to the variety of facets and shapes of
the mixed crystals, they were ground to a fine powder prior to the measurements to ensure a
reproducible scattering behavior of the different samples. Subsequently, the PL properties
of the pure powders and the powders incorporated into silicone, a common matrix for the
hybridization of color conversion layers with LEDs (as shown in Figure 3.3), were studied in
comparison to those of the parent QD solutions. The photoluminescence quantum yield of
the QDs in solution, the QD-salt crystals, and the QD-salt crystal silicone composites were
absolutely determined either with a custom-designed integrating sphere setup [31] or by using
a commercial FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon) fitted with a Quanta-Φ
integrating sphere. Further information on both setups regarding sample placing, excitation
wavelengths, etc., can be found Appendix A.7. and A.8.
The luminescence decays of the QDs in solution, in the crystal matrices and in the silicon pellets
were measured with identical instrument settings to obtain comparable values, e.g., similar
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excitation wavelengths, detection at the emission maximum, identical detection/excitation
band passes, and repetition rates (0.5 or 1 MHz). To evaluate the data, the PL-LTs of
these multiexponential decays were set equal to the time when the intensity corresponds to
10,000/e of the initial intensity.
Figure 3.3.: Photograph of an exemplarily chosen QD-salt composite a) after grinding and
another exemplarily chosen QD-salt composite sample (b),c) after grinding and
incorporating into silicone. The photographs were taken under room light (b)
and UV light (a), c). Adopted by courtesy of Chem. Mater. 2014, 26, 3231.
Copyright 2014, American Chemical Society.
At first, the concentration of the QD-salt crystals embedded in silicone was optimized for the
PL studies. Therefore, three QD-salt silicone composites of an exemplarily chosen QD-salt
batch were prepared, varying the amount of the QD-salt powder to determine a concentration
range suitable for accurate PL-QY measurements with a minimum reabsorption contribution.
The concentrations were chosen to be 5, 10, and 20 mg of powder per 500 µL silicone, as it
can be seen in Table 3.3.
Table 3.3.: PL-QY and absorption of a set of silicone pellets containing different amounts of
the same QD-salt batch. Reprinted by courtesy of Chem. Mater. 2014, 26, 3231.
Copyright 2014, American Chemical Society.
Concentration PL-QY Absorption
2.5 mg/mL 0.28 8.8%
5 mg/mL 0.30 27%
10 mg/mL 0.23 49%
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Spectroscopic measurements of these samples revealed matching absorption and emission
spectra, an increase in absorption with an increasing sample concentration as well as PL-
QY values of 28%, 30% and 23%. The decrease in PL-QY found for the highest QD-salt
concentration was attributed to reabsorption. Therefore, only 10 mg of powder were used for
the subsequently prepared samples. The results of these first measurements also showed the
considerable challenge of determining the PL-QY of these strongly scattering, asymmetrically
faceted materials with acceptable uncertainties.
The PL-QY and PL-LT of various CdTe QD systems (parent QD, QD-salt crystal, and QD-salt
crystal in silicone) were studied to achieve a better understanding of the PL behavior of the
QD-salt crystal composites, to confirm the occurrence of matrix-induced PL enhancements
and to obtain prerequisites for a PL enhancement. [32, 33] To ensure representative results,
various CdTe QDs sample series were systematically studied including QDs of different sizes,
QDs stabilized with either TGA or MPA as well as QDs having relatively low and relatively
high PL-QY in a parent solution. Exemplarily chosen emission spectra are shown in Figure 3.4
for these materials.
Figure 3.4.: Representative emission spectra of the used CdTe QDs. Graph a) shows the
emission spectra of MPA-stabilized CdTe QDs with different sizes in solution
(solid lines) and within the NaCl matrix (dotted lines). In graph b), the emission
spectra of differently sized TGA-stabilized CdTe QDs in solution (solid lines) or
within NaCl (dotted lines) are shown. All spectra were normalized for better
comparison. The sizes were determined by using the 1s-1s transition maximum,
following the method of Rogach et al. [34] Reprinted by courtesy of Chem. Mater.
2014, 26, 3231. Copyright 2014, American Chemical Society.
In order to clarify the influence of the QD-NaCl interface, salt composites of CdSe/ZnS QDs
with Zn atoms on their surface as well as CdTe QDs incorporated into a halogen-free matrix
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of borax were evaluated additionally. An overview of all samples discussed in the following
sections can be found in Appendix A.8. These tables include information on the QDs, the
stabilizing agent as well as PL-QY data and the decay behavior in solution, in the salt matrices
and the corresponding enhancement factors.
Influence of the Mixed Crystal Incorporation into Silicone
As discussed in detail earlier, many potential applications of solid QD-salt mixed crystals,
e.g., in the production of LEDs, require an incorporation of the QD-salt composites in an
additional matrix such as silicone. Hence, mixed crystals from the same or comparable batches
were studied both with and without silicone encapsulation. The overall goal was to ensure
that the incorporation into silicone does not affect the beneficial optical properties of the
solid QDs and to guarantee comparability of the measurements conducted on pure mixed
crystals and silicone encapsulated ones. The matching PL-QY of a CdTe-NaCl mixed crystal
batch measured in silicone and without silicone encapsulation (size of ~3 nm) and the very
similar PL decay behavior (see Appendix A.8.) emphasize the negligible influence of such
an additional polymer matrix. The immediate QD environment is obviously not affected by
silicone when micrometer-sized QD-salt composites are used.
Influence of PL-QY of the Parent QD on the PL-Properties of QD-Salt Mixed
Crystals
In order to understand the influence of the PL-QY of the parent QDs on the PL-QY of the
resulting QD-salt composites better, the PL properties of mixed crystals made from CdTe QDs
with high (ca. 50% in solution) and low (ca. 10% in solution) PL-QY were compared. The
PL-QYs of four different CdTe QDs in solution and in a NaCl matrix are shown in Figure 3.5 a).
The two samples originating from QDs with low PL-QY in solution showed a very promising PL
enhancement of more than 2.5 times, thereby considerably exceeding the PL increase reported
in reference [33] for CdTe QDs with comparable PL-QY. The composites derived from parent
QDs, which already in solution have a stronger emission, revealed only an increase in PL-QY
by a factor up to 1.3 after the incorporation into NaCl crystals. Nevertheless, the PL-QYs
of the analyzed CdTe salt crystal composites were on average between 30% and 80% (see
Appendix A.8.). This emphasizes the remarkable potential of this simple strategy to obtain
highly emissive solids of QDs. PL-LT measurements performed with the samples revealed
multiexponential decay kinetics for both the CdTe solution and the CdTe salt composites, as
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it was expected for these rather heterogeneous systems (see Figure 3.5). The corresponding
lifetimes are summarized in Appendix A.8. together with the PL-QY data. As shown in Figure
3.5 b), despite the considerable PL enhancement, the PL-LT and the decay kinetics of the
QDs incorporated into the NaCl salt crystals change only slightly in comparison to the parent
QD solutions.
Figure 3.5.: a) PL-QY of four exemplarily chosen CdTe QD samples with relatively low (low
1, 2) and high (high 1, 2) PL QYs of parent solutions. The black squares show
the PL-QY of the QDs in solution and the red ones the PL-QY of the QDs in
the NaCl crystals. The numbers in the panel provide the salt-induced PL-QY
enhancement factor of the QDs as compared to their solution values. b) PL-LT
decay curve of the CdTe sample "low 1" in solution (black squares, PL-LT of
16.9 ns) and within the salt crystals (red squares, PL-LT of 14.6 ns). Reprinted by
courtesy of Chem. Mater. 2014, 26, 3231. Copyright 2014, American Chemical
Society.
To correlate PL-QY and PL-LT, it must furthermore be considered that the presented
data arise from ensemble measurements of QDs and from QDs revealing multiexponential
decay kinetics. These ensemble data reflect most likely a broad distribution in PL-QY, the
distribution of trap states on the QD surface or core/shell interface and the heterogeneous
QD environment. Moreover, an energy transfer from smaller to larger QDs is also possible, as
suggested by the red shift in emission observed for nearly all nanocrystal-salt systems. The
PL-QY ensemble data equal the number of photons emitted per absorbed photon of the
QD ensemble studied, with the sample-specific fraction of dark QDs contributing only to
the absorption measurement. A correlation between the PL-QY and the ratio of bright to
dark QDs was for example shown by Ebenstein et al. [35] for CdSe/ZnS nanocrystals by single
particle measurements of QD ensembles of varying PL-QY. PL-LT data of QD ensembles
are usually dominated by the decay behavior of the strongest luminescent QDs, with no or
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very little contribution from weakly emitting (or dark) QDs. Although PL-QY and PL-LT are
straight correlated for molecular emitters showing usually monoexponential decay kinetics
in a homogeneous environment, [36] a straightforward and stringent correlation for PL-QY
and the decay behavior of QD ensembles has not yet been reported. For such systems, only
similar tendencies of both parameters can be observed usually, with changes in PL-QY often
exceeding the corresponding changes in the decay behavior. [27, 37] A possible explanation was
given by Bawendi et al. showing with single particle measurements that fluctuations of the
decay rates can be caused by changes in emission intensities of single QDs. [38] Rogach et al.
who similarly reported multiexponential decay kinetics for their materials could not find a clear
correlation between both quantities for their QD-salt systems. [33] One explanation for the
stronger changes in PL-QY compared to those in the decay behavior, even when considering
the respective changes in radiative rate constants caused by a change of the surrounding
matrix, presented in the literature, [1] could be the following. An improved surface passivation
of the QDs in the salt crystal especially enhances the PL-QY of weakly-emissive nanocrystals
causing their PL-LT to reach similar values, as already observed for stronger emissive QDs.
In summary, the observed PL changes seem to arise from both changes in refractive index
and changes in the radiative and non-radiative rate constants.
Influence of QD Size on the Luminescence Behavior of CdTe-NaCl Composites
Afterwards, the influence of the parent QD size (and QD size-related PL-QY) on the
luminescence properties of the resulting CdTe salt composites was studied. The evolution
of PL-QY for a set of differently sized MPA-stabilized CdTe QDs is shown in the left part
of Figure 3.6, revealing an enhancement in PL-QY with increasing particle size (from 2.1
to 3.0 nm) in solution. This is due to the improved crystallinity and, hence, a diminished
number of surface defects evoking through a longer growing time as well as a reduced
surface-to-volume ratio. [34] After the incorporation of the MPA-stabilized QDs into the NaCl
matrix, the PL-QY increased for all sizes, yet in a particle size-specific manner, thus yielding
size-dependent enhancement factors ranging from 1.1 to 2.8. This is consistent with the
behavior of the samples shown in Figure 3.5. A similar tendency can be observed for the
TGA-stabilized samples shown in the right part of Figure 3.6. For this ligand, the differences
in the enhancement factors of the differently sized QDs (2.3-2.7 nm) are less distinct, ranging
from 1.1 to 1.6. Nevertheless, it can be concluded that the tendency of size-specific PL-QY
enhancement does not depend on the QD’s stabilizing agent. Figure 3.6 also emphasizes
the stronger PL-QY enhancement found here in comparison to the effects reported by the
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authors of reference [33]. These favorable effects can be attributed to the different synthetic
methods given in references [39,40] (i.e., in the ratios of the precursors) applied for producing
the CdTe QDs within reference [33] and this work, respectively. The observed variations
might also be ascribed to different amounts of QDs incorporated into the salt matrix yielding
different ratios of reabsorption.
Figure 3.6.: PL-QY of thiol-stabilized CdTe QDs before (black) and after (red or blue) the
incorporation into the salt matrix with the respective enhancement factors given
as numbers. An increase of the particle size leads to a higher PL-QY in solution
and a smaller PL-QY enhancement factor for both thiol ligands. The two TGA-
stabilized samples with a radius of 2.7 nm differ slightly in size and, thus, also in
the position of their absorption and emission maxima. Reprinted by courtesy of
Chem. Mater. 2014, 26, 3231. Copyright 2014, American Chemical Society.
Influence of Surface-CdClx on PL-QY
The increase in PL-QY upon incorporation of CdTe into NaCl crystals also agrees with the
findings of Sargent and co-workers regarding the influence of halide ions on the emission
intensity of PbS QDs. [41, 42] This enhancement was attributed to the formation of a thin PbClx
or CdClx layer, as depicted in Figure 3.7 a), which seems to passivate dangling bonds on the
QD surface. This results in a reduction of the non-radiative relaxation routes and an increase
of PL-QY. While comparing the measured PL-QY enhancement factors for the samples
shown in Figure 3.7 b) with their corresponding change in the PL emission maxima, a clear
correlation was found. As shown in Appendix A.8., all samples exceeding the model-predicted
PL-QY enhancement factors show a slightly larger red shift in their emission maximum than
the samples which are within the predicted range of the models discussed in reference [1].
3. Optical and Structural Analyses 70
These findings indicate that the formation of a CdClx shell might be a reason for the PL-QY
enhancement reaching beyond the model predictions. Indeed, a proper shell formation usually
causes a red shift in the emissions of QDs which was also observed by Sargent et al. for QDs
with CdClx shells. [41]
Figure 3.7.: a) Formation of a thin CdClx layer on the surface of a CdTe-QDs after mixing the
QD solution with the saturated NaCl solution. b) Enhancement of PL-QY values
arising from the incorporation of thiol-stabilized CdTe into a NaCl matrix for
differently sized CdTe (radii of 2-3 nm) QDs. For better orientation, enhancement
factors allowing a gain of PL-QYs = 1 are shown as solid line. Adopted by courtesy
of Chem. Mater. 2014, 26, 3231. Copyright 2014, American Chemical Society.
To verify the hypothesis of surface defect curing related to the formation of a chloride layer
and the binding of chloride to surface Cd atoms, comparative studies of CdSe/ZnS QDs
embedded in NaCl crystals and CdTe QDs in NaB4O7 · 10 H2O (sodium tetraborate or
borax), were performed respectively. In both cases, CdClx cannot be formed on the QD
surface. According to Figure 3.8, CdSe/ZnS QDs show a typical drop in PL-QY during the
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ligand-exchange mediated phase-transfer from organic media (OA-capped) to H2O (MPA-
capped) [43, 44] which remains almost unaffected by the incorporation into the NaCl host. In
the case of borax-encapsulated CdTe, the PL-QY of the QDs increases only slightly upon
incorporation in the salt matrix (see Figure 3.8 b) and the Appendix A.8.). Changes of
PL-QY which are below the expected refractive index-induced changes, indicate an increase of
non-radiative processes. This suggests that the formation of CdClx at the QD surface which
can occur for CdTe in NaCl possibly contributes to the salt-crystal induced PL enhancement.
Also PL-QY values with different QD-NaCl systems shown in Appendix A.8. emphasize the
assumption of a salt-induced curing of Cd atom-related surface defects.
Figure 3.8.: a) Relative PL-QY of CdSe/ZnS and the respective QD-salt mixtures. OA-capped
CdSe/ZnS QDs were phase transferred from CHCl3 to H2O by a ligand exchange
using MPA as a new stabilizing ligand, resulting in a PL-QY drop, whereas
subsequent incorporation into NaCl causes only a negligible change in PL-QY.
(b) CdTe QDs from one batch were incorporated into either NaB4O7 · 10 H2O
or NaCl crystals, yielding almost no change for the former but a strong increase
by a factor of 1.5 in the case of the NaCl host. Adopted by courtesy of Chem.
Mater. 2014, 26, 3231. Copyright 2014, American Chemical Society.
Influence of the Crystallization Time: LLDC vs. "Classical" Approach
As discussed in the second chapter, the LLDC is an extremely fast method for forming
CdTe-NaCl mixed crystals. To figure out if such rapid crystallization rates have an influence
on forming a passivating CdClx shell, these samples were analyzed regarding their PL-QY
evolution. By using CdTe QDs as emission centers, the PL-QY did not change in the course
of transferring them from the parent solution to the NaCl crystals by using the LLDC. This
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suggests that the fast crystallization procedure does not allow to form a complete passivating
CdClx shell since this should result in an increase of the PL QY as discussed in the previous
sections.
Influence of ZnS-Shell Thickness on the Luminescence Behavior for CdSe/ZnS
QD-Salt Mixed Crystals
As shown in Figure 3.8 a), the PL-QY of alloyed CdSe/ZnS QDs decreases upon ligand
exchange as expected to ca. 50% of its initial value. According to reference [45], the
one-pot synthesis used yields QDs with different emission colors by adjusting the ratios of the
precursors while the overall size of the QDs remains almost constant. Therefore, adjusting
the precursor ratios only changes the ratio of core size to shell thickness which might have a
significant influence on the behavior of the QDs upon ligand exchange and the subsequent
incorporation into the ionic matrix. To evaluate this influence, these QDs were characterized
regarding their PL-QY and PL-LT properties after the incorporation into NaCl by using the
two-step LLDC as well as the "classical" approach with borax as ionic matrix.
Figure 3.9.: Photoluminescence decay rates of a) green-emitting CdSe/ZnS alloy QDs and b)
red-emitting CdSe/ZnS alloy QDs in chloroform (black squares) and after their
encapsulation into NaCl (red squares) by using the two-step LLDC method. The
light grey squares represent the prompt measurement. Reprinted by courtesy of
Chem. Mater. 2014, 26, 3231. Copyright 2014, American Chemical Society.
Red- and green-emitting samples shown in Figure 2.33 were chosen as representative examples
for the LLDC approach. The measurements shown in Figure 3.9 proved that the PL-LT
dropped from 27.65 ns in CHCl3 to 20.04 ns in NaCl and from 23.34 to 7.45 ns for the green-
and red-emitting QDs respectively. At the same time, the decrease in the PL-QY was relatively
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lower in both cases, i.e., from 42.2% in CHCl3 to 34.7% in NaCl and from 36.5% to 16.2%
for the green and the red samples respectively. This observation is in good agreement with
the conception mentioned in Section 2.3.2 that the QDs are mainly concentrated around the
initial crystallization seeds formed in the first step. A close proximity between the individual
QDs in such a shell results in a higher risk of self-quenching. In this respect, a stronger
decrease in PL-QY for the red-emitting QDs can be explained by the thinner protecting
ZnS shell on their surfaces, making it easier for charge carriers to reach the surface for any
kind of environment-related quenching process. On the other hand, the green-emitting QDs
used have a thicker ZnS shell, confining the charge carriers stronger within the core and
reducing the possibility for environment-related quenching processes to happen. [46] To test
this hypothesis, mixed crystals were prepared by using the two-step LLDC approach with bare,
non-shelled CdSe QDs as emitting centers. As expected, these samples showed a complete
loss of PL upon incorporation into NaCl crystals.
Green-, yellow- and red-emitting CdSe/ZnS QDs with an alloyed gradient shell were used for
the "classical" mixed crystallization approach with borax as host matrix. PL-LT and PL-QY
measurements were conducted in CHCl3, H2O and borax for all samples; the corresponding
results are given in Figure 3.10. As expected from recent studies on mixed crystals, [1, 2, 33] all
samples show a stronger change in the PL-QY than PL-LT at all stages (and thereby during
the change of the surrounding media) while both figures exhibit similar trends. This behavior
was previously discussed in the literature, [37] and Chapter 3.1.1 considering the fact that both
PL-QY and PL-LT data arise from ensemble measurements of QDs revealing multiexponential
decay kinetics. Secondly, the results are in good agreement with the findings of the recent
mixed crystal PL-QY study. [1] An encapsulation of CdSe/ZnS QDs into an ionic matrix does
result in a significant increase in PL-QY, since no passivating CdClx can be formed on the
QDs surface.
A comparison of LLDC-based mixed crystals with the "classical" approach based on borax
as host matrix reveals that both methods cause comparable reductions in PL-QY and PL-
LT. Although a ligand exchange is not necessary for the LLDC-based samples, the partial
aggregation and close proximity of the QDs within the mixed crystals is responsible for the
relatively low PL-QY.
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Figure 3.10.: PL decay spectra of three different CdSe/ZnS QDs in CHCl3 (black squares),
H2O (red squares) and after embedding into borax (blue squares). The grey
squares represent the measured prompt. The corresponding average PL-LTs and
PL-QYs for three QDs in different media are given within the tables. PL-QY
values were measured three times and on average. Adapted by courtesy of ACS
Appl. Mater. Interfaces 2015, DOI: 10.1021/acsami.5b08377. Copyright 2015,
American Chemical Society.
3. Optical and Structural Analyses 75
3.2. Transmission Electron Microscopy Imaging*
When using TEM, samples can be imaged down to an atomic resolution, allowing to analyze
their nanometer structure. At first, TEM images of pure QDs were obtained directly from the
solution. Representative CdTe QD samples were imaged for the aqueous systems, as shown
in Figure 3.11 a) and d). Image a) clearly shows that the QDs are non-aggregated, whereas
image d) with a larger magnification reveals the spherical shape of the QDs with a narrow
size distribution. CdSe/ZnS QDs with an alloyed gradient shell and different emission colors
are displayed in Figure 3.11 b) - f). While images b) and e) correspond to a green-emitting
sample, c) and f) represent a red-emitting batch. It is obvious that both batches show a
similar size which is in good agreement with the results in the literature. [45, 47] There, the
authors stated that for the synthetic procedure, a change of the precursor ratios does not
affect the overall size of the QDs but solely the core-shell ratio including thinner shells for
red- and thicker shells for green-emitting fractions.
Figure 3.11.: TEM images of CdTe (a and d) as well as green- (b and e) and red-emitting (c
and f) CdSe/ZnS QDs with an alloyed gradient shell.
*Parts of this chapter have already been published [2, 3, 32]
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Due to the charging and melting upon electron beam exposure, a subsequent detailed and
especially high-resolution TEM characterization of the mixed crystals is difficult. Figure 3.12
shows a set of images taken from the same small piece of a NaCl crystal containing CdTe
QDs. As seen from the images, although separate QDs are not visible in the bulk crystal
(Figure 3.12 a)), they may be recognized very well after the melting process has started
(Figure 3.12 b)-d)). Separate crystalline QDs are seen in the high-resolution TEM image
of the melting process (inset to Figure 3.12 d)). It was also observed that not aggregated
but well-separated QDs dominate the crystals (e.g., see Figure 3.12 b) and c)). A partial
aggregation as seen in Figure 3.12 d) occurs mainly during the melting process.
Figure 3.12.: Representative TEM (a-d) and high-resolution TEM (inset) images of a mixed
crystal sample (NaCl + CdTe QDs). Images were taken from the very same
part of the sample. The evolution of the appearance of the sample (from a) to
d) is due to the melting of the ionic crystal under the electron beam. Reprinted
by courtesy of Nano Lett. 2012, 12, 5348. Copyright 2012, American Chemical
Society.
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A probable crystallization mechanism of the mixed crystals can be suggested based on this
data. When injecting the QDs into the saturated salt solution, individual nanoparticles play
the role of seeds for crystallizing the salt and are immediately "wrapped" by small crystallites
of the respective salt. This salt shell protects the QDs from aggregation and the small
crystallites can merge and grow further finally yielding macrocrystals. It is noted that the
separation of the individual QDs in the matrix is a very important step for maintaining their
original PL. Both the observation and the proposed crystallization mechanism match well
with the results obtained during the PL-QY characterizations.
As discussed above, charging of the mixed crystals under an electron beam is a severe problem
that prohibits a detailed TEM analysis. To solve this problem, a composite of resin and
mixed crystals was prepared for the TEM measurements. The composite was cut into sheets
with a thickness of 200 nm by using ultramicrotomy in order to enable the transmission of
the electron beam while the surrounding resin may protect the mixed crystals from melting
for at least a few minutes. The detailed procedure of the composite formation is described
in Appendix A.7. A TEM image of the mixed crystal within such a thin sheet is shown in
Figure 3.13.
Figure 3.13.: TEM image of CdTe QDs embedded in a NaCl crystal applying LLDC (sample
shown in Figure 3.16 c)) and using ultramicrotomy to prepare thin slides
embedded in a protective resin sheet. Some of the QDs are highlighted with a
white circle as a guide for the eye. Reprinted by courtesy of Adv. Funct. Mater.
2015, 25, 2638. Copyright 2015, John Wiley and Sons.
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The TEM confirms the successful incorporation and a relatively uniform and non-aggregated
distribution of the CdTe QDs in the NaCl matrix, although the LLDC process is fast. The
observation of the separated integration of the QDs into the salt matrix matches the optical
studies showing only a slight shift in the PL spectrum from the dispersion into the solid salt.
Besides LLDC-based mixed crystals, borax-based ones were also utilized as thin sheets for
TEM analyses. The images in Figure 3.14 show reasonably well-separated and non-aggregated
CdSe/ZnS QDs in the salt matrix which is in good agreement with the results obtained from
the optical characterization methods. It should be emphasized that an imaging of the QDs in
an inorganic crystal matrix at atomic resolution while showing the crystallographic planes of
the QDs at the same time is only possible when these thin sheets are used. Although, as
discussed above, a similar approach was used for QDs within NaCl-based mixed crystals, only
borax proved to be suitable as a stable matrix under electron beam exposure, allowing these
high magnifications.
Figure 3.14.: TEM images of the green- (a) and b) and red-emitting (c) and d) mixed
crystals shown in Figure 4.8 a) and g). The overviews a) and c) as well as the
highly magnified images b) and d) of the samples prove non-aggregated and
well-distributed QDs in the matrix. Adapted by courtesy of ACS Appl. Mater.
Interfaces 2015, DOI: 10.1021/acsami.5b08377. Copyright 2015, American
Chemical Society.
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3.3. Analysis of the Mixed Crystals’ Stability*
Even when having exceptional initial properties, no material without a short- and long-term
stability will deploy its application potential. For this purpose, the mixed crystals discussed in
the previous sections were subject to optical and chemical stability analyses.
The ionic salt is expected to provide an exceptionally tight matrix for the embedded QDs.
It is indeed very unlikely that ambient oxygen could penetrate through the salt into the
encapsulated QDs. The QDs should consequently offer high photostability when they are
protected from the environment. To perform the photostability tests, the mixed crystal
samples were placed in the focal point of a 1000 W xenon lamp fitted with a water filter for
cutting off the NIR part of the spectrum.
Figure 3.15.: Evolution of the integral PL intensity of CdTe QDs-NaCl mixed crystals and
several reference samples containing the same QDs in different matrices or
mixtures under ca. 1.0 W/cm2 light intensity generated in the focal point
of a 1000 W xenon lamp with a luminance of ca. 1800 cd/cm2. Reference
samples are: mixtures of CdTe QD powders with PMMA-powder (ref 1), NaCl
powder (ref 2), and glass powder (ref 3) as well as CdTe QDs embedded in bulk
polymers: PMMA/PS (ref 4) and PS (ref 5). Solid lines are solely provided
as a guide to the eye. Reprinted by courtesy of Nano Lett. 2012, 12, 5348.
Copyright 2012, American Chemical Society.
*Parts of this chapter have already been published [2, 32]
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The light intensity that had an effect on the sample in the focal point was approximately
1.0 W/cm2. CdTe QDs embedded in polymers (PS and a mixture of PS/PMMA), mixtures of
QD powder with NaCl crystal powder, with glass powder and with PMMA powder were used
as reference samples. All of the reference samples were carefully prepared to achieve optical
densities comparable with the mixed crystal sample as described in detail in Appendix A.6.
To monitor the stability, the PL spectra of the samples were measured in the course of the
phototreatment. As it can be seen from Figure 3.15, the harsh conditions of the illumination
used in the tests are indeed harmful to all of the reference samples. Even the CdTe QDs
embedded in common bulk polymer matrices like PMMA and PS lost more than half of their
initial PL intensity after the first ten hours of illumination. Unprotected QD mixtures with
various powders totally degraded on time scales from minutes to several hours. Nevertheless,
the mixed crystal sample showed a remarkable PL stability of more than 60 hours. The initial
drop of 30-40% in the emission intensity may be assigned to degradation processes involving
water and oxygen entrapped in the mixed crystals during the crystallization procedure, for
example as inclusions in hydrate shells around the colloidal nanocrystals. The degradation
of the QDs associated with the surface of the mixed crystal may also contribute to this
initial emission drop. It should be emphasized that only changes of the integral PL intensity
were observed. The shape and position of the PL spectra were not affected by this intensive
phototreatment. Some irregular changes of the PL intensity observed in the data may be
explained by slight temperature deviations during the phototreatment and the measurements.
Besides the photometric durability a high level of chemical stability is also crucial. While it
was already shown that the incorporation of QDs into mixed crystals increases the photometric
stability under illumination signisficantly, [32] the mixed crystals need to prove that their
formation results in rigid composites. Analyses of the chemical tightness of the host were
performed on both classically prepared and LLDC-based mixed crystals. For the stability
tests, mixed crystals containing CdSe/ZnS QDs as well as pure QDs were exposed to benzoyl
peroxide solutions in toluene. In the presence of the strong oxidant, the emission of the
CdSe/ZnS QDs was fully quenched after 24 hours (Figure 3.16 a) and b). The LLDC-based
mixed crystals made of NaCl and containing either aqueous CdTe or oil-based CdSe/ZnS QDs
were strong enough to withstand the oxidation in benzoyl peroxide solution under identical
conditions (Figure 3.16 c) and d). Their emission intensity was almost unaltered during the
oxidation test, showing a stability which is comparable to the mixed crystals made by the
"classical" crystallization, as it can be seen in Figure 3.16 e)-h).
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Figure 3.16.: True-color images of the stability test of mixed crystals by using benzoyl peroxide
as oxidizing agent under 365 nm UV excitation. A solution of CdSe/ZnS QDs
in toluene a) before and b) after the addition of benzoyl peroxide for 24 h;
mixed crystals containing c) CdTe QDs and various d) CdSe/ZnS QD after the
addition of benzoyl peroxide in toluene for 24 h. QD-salt mixed crystals from the
same CdTe QD batch prepared in accordance with the standard crystallization
approach (e and f) and the LLDC method (g and h). The images were taken
after the mixed crystals had been stored for 24 h in pure toluene (f and h) and
for 24 h in a solution of benzoyl peroxide (e and g). The images clearly reveal
that the emission intensity is not diminished upon exploiting the mixed crystals,
either prepared by the "classical" crystallization or the LLDC approach, towards
benzoyl peroxide. Adopted by courtesy of Adv. Funct. Mater. 2015, 25, 2638.
Copyright 2015, John Wiley and Sons.
3.4. Summary
A detailed discussion on the structure-property relationship of the mixed crystals was given
in this chapter. It was demonstrated with absolute quantum yield measurements that the
PL-QY of CdTe QDs can be increased upon incorporation of QDs into a salt matrix by
using the "classical" crystallization procedure. The resulting PL enhancement factors strongly
depend on the change of the refractive index of the surrounding matrix and on the PL-QY
of the parent QDs, with the incorporation of QDs with small PL-QY and, thus, a higher
number of surface defects, favoring non-radiative decay processes, yielding higher enhancement
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factors. Time-resolved PL measurements revealed that the PL decay behavior of the QD-salt
crystals and the silicone composites do not correlate with the changes in PL-QY of the
parent QDs upon salt incorporation. The observed changes were attributed to contributions
from refractive index related changes of the radiative rate constants and to QDs which are
initially weakly emitting (or even dark) in solution and turn bright upon crystal incorporation,
thereby influencing PL-QY and the PL decay kinetics in a different manner. The observed PL
enhancement is ascribed to the curing of surface defects, most likely due to the formation of
a thin passivation layer of CdClx. This hypothesis is supported by studies with CdSe/ZnS
showing a Cd-free surface incorporated into NaCl as well as CdTe QDs incorporated into borax,
where the crystal-induced PL-QY increase fell below the values expected for the respective
change of the refractive index. It is additionally noted that the mixed crystals display a
superior environmental stability. Their PL-QY was reduced by only a few percent of the initial
intensity after being stored under ambient conditions for more than one year.
TEM analyses revealed that the QDs are well-dispersed within the mixed crystals, while it was
shown that using an ultramicrotome for the TEM sample preparation is crucial. Only then the
mixed crystal sample remain stable and can be analyzed by using high-resolution techniques.
Both the photo- and the chemical stability analyses proved the applicability of the mixed
crystals for highly demanding optical applications like color conversion. The fast LLDC
procedure did furthermore not alter the protective properties of the inorganic matrices.
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4. Lighting Applications of Mixed
Crystals
4.1. Luminaire Science or How We Perceive Colors
Light sources or luminaires are a major contributor to both human evolution and energy
consumption as discussed in the introduction. To reduce the latter negative aspect, alternatives
to replace standard luminaires currently used for residential and industrial lighting are in
the focus of research. Incandescent bulbs which were banned recently in the EU [1] have
a limited efficiency due to their filament temperature. These light sources would reach up
to 95 lm/Wopt. at 6600 K [2] where the spectrum of these black-body radiators matches
the human visual response perfectly, while their operating temperature is practically limited
to 2700-3000 K resulting in only 16 lm/Wopt.. [3] Fluorescent and high-intensity discharge
(HID) light sources as the first generation replacement have a luminous efficiency of 25
up to 115 lm/Welect., but they have a lower color rendering index than their incandescent
counterparts. [3] Furthermore, the barely encapsulated mercury vapor that is often used in
these systems raises concerns about safety regulations, leading to the point of treating them as
hazardous waste. Secondly, the mercury is also a reason for reduced efficiency, since its main
emission wavelength at 254 nm needs to be down-converted to the visible region, resulting in
a loss of at least 45 and 60% of the injected energy for blue and red photons respectively.
Today, inorganic solid-state-lighting (SSL) based technologies are often seen as the most
prominent replacement for currently used luminaires. Developed about 50 years ago [4–7],
red-orange-emitting LEDs were first used for signal lighting only, due to their low intensity.
About 30 years later, high-brightness blue-emitting LEDs based on GaN were presented by
Shuji Nakamura [8], opening the field for effective down-conversion w-LEDs. Nakamura as
well as his colleagues Isamu Akasaki and Hiroshi Amano were awarded the Nobel Prize for
Physics in 2014. [9]
Both in science and industry, the first down-conversion w-LEDs were produced by blending
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yellow-emitting YAG:Ce onto a blue LED, forming an efficient but bluish w-LED due to the
lack in photons emitted in the red spectral region. [10, 11] The resulting devices could be used
well for different commercial reasons, but due to the bluish or cold white they were often
not accepted as residential lighting by the consumers. Several measures were suggested to
overcome this issue, including the addition of a second conversion material emitting in the
red spectral region. These materials as well as the YAG:Ce are based on rare earth ions as
emission centers with high PL-QY. Due to monopolistic suppliers, companies will, however,
face great uncertainties concerning their accessibility in the long term. Furthermore, these
materials have a relatively broad emission spectrum reducing the overall efficiency of the
devices, as discussed in Section 4.1.3. Semiconductor QDs can be considered as suitable
alternative due to their adjustable size, relatively narrow PL spectra and high PL-QY.
4.1.1. The Human Eye and its Visual Response to Incident Light
All electromagnetic radiation, no matter if it is emitted by a luminaire, the sun or reflected by
an object, needs to be detectable with our eyes in order to be seen as light. Therefore, our
eye response function for different wavelengths (see Figure 4.1) comprehensively defines how
we see our environment. This response function differs depending on the amount of light
hitting the eye. As depicted in Figure 4.1, light with a wavelength of 555 nm is detected
with the highest sensitivity if the illumination intensity is above 3 cd/m2 which is the case for
daylight or in illuminated rooms.
Figure 4.1.: Response function of the human eye to light of different wavelength. This function
is valid during the photoscopic vision with light intensities above 3 cd/m2.
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Then, three different cones for red, blue and green are facilitating the human vision, which will
be the assumed setting for the subsequent discussions. This curve was originally introduced by
the Commision Internationale de l’Eclairage (CIE) in 1931 [12] and revised in 1978 by Wyszecki
and Stiles. [13] The revision was necessary since the original response functions underestimated
the sensitivity in the blue region around 460 nm. If the light intensities fall below 3 cd/m2,
the sensitivity curve shifts to lower wavelengths, since the vision is then mediated by a mixture
of cones and rods. Rods have in comparison to cones a higher sensitivity in the blue-cyan
region but are not capable of differentiating colors resulting in a grey vision at night.
4.1.2. The CIE Diagram
Together with the eye sensitivity curve, the CIE adopted the color matching functions derived
from a test based on the idea of John Guild and David Wright for calculating the intensity
of different colors within the XYZ color system. Detailed information about this system,
its sources, variations and uncertainties can be found in the corresponding literature. [14–16]
Derived from these premises, the CIE 1931 chromaticity diagram was introduced, as shown in
Figure 4.2.
Figure 4.2.: CIE chromaticity diagram together with the Planckian locus (black line) repre-
senting a black-body radiator.
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This diagram displays all colors in maximum intensity that can be perceived by the human eye.
It is limited at the lower end by the purple boundary, while the horseshoe-shaped outer line
shows spectrally pure, fully saturated colors within the range of 380-770 nm. At the center,
at the x-; y-coordinates 1/3;1/3, the white point displays a mixture of all, but completely
unsaturated colors. A straight line between two points (resembling two different colors) in the
diagram shows all accessible mixed colors that can be generated from the starting ones. On
the other hand, three or more points open a color gamut spanning again all colors that can be
accessed by mixing the starting values. In relevance to the initially discussed w-LEDs based
on a blue chip and yellow-emitting phosphor, it becomes clear that this combination can only
represent a very limited area of the colors visible to the human eye or rather a straight line in
the CIE diagram. The addition of a third or fourth color opens the gamut for significantly
more colors and therefore a much better tunability of the resulting devices’ hue.
The Planckian locus (shown in Figure 4.2 as a black line) represents the emission color of
a black-body radiator at different temperatures. While temperatures below 3000 K cause
a more yellow-red emission, temperatures above 5000 K become blue-dominated. During
the evaluation of luminaires, the Planckian locus evolved to a reference concerning their
correlated color temperature which will be discussed in the next section.
4.1.3. Metrics for the Evaluation of Luminaires
Correlated color temperature (CCT): The CCT is defined as the temperature of a black-body
radiator at a position along the Planckian locus with the closest proximity towards the
evaluated emitter within the CIE diagram. Therefore, the CCT is directly associated with the
hue of the emitter or luminaire, making it one of the two directly visible metrics discussed
here. Reliable CCTs can only be derived if the position of the evaluated emitter is generally
in close proximity to the Planckian locus within the CIE diagram. If this requirement is met,
general claims can be made. A CCT in the range of 2700-3000 K represents a so-called
"warm white" hue, with an excess of yellow and red compared to the amount of blue photons.
Such a value is usually associated by people as incandescent-like light and therefore highly
recommended for residential lighting. If the CCT rises to values of 5500-7000 K, the amount
of blue photons increases creating a slightly colder light which can be compared with sunlight
at midday. Such luminaires are recommended for industrial and office lighting in order to
ensure a productive and comfortable working environment. Values above 7000 K are generally
associated with a "cold white" light and should therefore be avoided.
Color rendering index (CRI): The next visible metric for evaluating light sources is the CRI. It
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evaluates the ability of a light source to reflect objects to the human eye accurately and was
introduced by the CIE. [17] The need for an evaluating and comparing system arose in the
1960s when fluorescence lamps as the first luminaires that were not based on a black-body
radiator were widely introduced. The analyzed light source and the reference light source are
used to illuminate up to 14 reflective samples while their different appearance under both the
reference and the test light source is used to calculate the CRI. The reference light source
has to match the CCT of the test luminaire since the CRI is CCT-independent. A CRI of 100
is therefore possible for each CCT, provided the analyzed light source perfectly matches the
spectral properties of a reference with the same CCT. Only the arithmetic average of the
first 8 (Ra) or 9 (R9) is used for the subsequent calculation. Due to this and some further
weaknesses, especially for a correct evaluation of LED-based luminaires, the CIE recently
introduced the Color quality scale (CQS) based on the CRI invented by Davis and Ohno. The
main differences and benefits of the CQS can be found in the corresponding literature [18],
although it should only be noted that the CQS, in comparison to the CRI, does not penalize
oversaturation and uses a root mean square of all single colors instead of the arithmetic mean.
Luminous efficacy of radiation (LER): As the first metric which can not be directly observed,
the LER describes the ratio of luminous flux in lumen emitted by the light sources and the
optical power of the radiation in watts. The optical power of radiation is here defined by the
amount that is detected by the human eye, corresponding to the eye sensitivity curve shown
in Figure 4.1. According to this relation, a maximum LER of 683 lm/Wopt. is defined for a
δ-function emitter (line emitter) with its maximum at 555 nm where the human eye shows
the highest perception. Based on this correlation, a reduction in LER is expected when the
light sources show a high intensity in the blue or red region and the emitter in these regions
show very broad spectra. Furthermore, a clear indirect correlation between LER and CRI is
also derived, which means that a trade-off between efficacy and perfect color rendering has
to be made.
Luminous efficacy (LE): The last relevant metric discussed in this section is the LE. In contrast
to the LER, the LE is the ratio of the luminous flux in lumen emitted by the light sources
and the input of electrical power in watts necessary to create this flux. Therefore, the LE
can also be calculated as the product of LER and the radiant efficiency which is the ratio of
human detectable photon power versus the electrical power input.
Unfortunately, the latter two values are often mixed up in scientific literature. To avoid
confusion about the different values within this work, LER and LE are clearly separated by
subscripts, given as lm/Wopt. and lm/Welect., respectively.
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4.2. White LEDs based on Mixed Crystals as Color
Converters*
White LED light sources can be produced in two different ways. On the one hand, three (or
four) semiconductor chips emitting pure blue, green, (yellow) and red can be put together. [2]
The white light is generated by mixing the four emission colors in their respective ratios. By
using this approach, the hue of the luminaire can easily be tuned. However, the lifetimes
of the differently emitting chips strongly deviate and sophisticated electrical circuits with
different driving currents for the separate electrical emitters are necessary. Moreover, the
relatively low efficiency of the green ones, the so-called "green-gap", [10] makes this type of
w-LEDs expensive and less stable in the long-term.
On the other hand, as already mentioned in the introduction of this chapter, w-LEDs can be
produced with a blue LED as excitation source for one or more down-converting phosphors
blended onto the LED. With this method, the resulting luminaire offers only a limited hue
tunability during the operation while the stability of the color is not affected by differently
aging LED chips. Here, the conversion layer plays a major role for the final color of the
device and its long-term stability. The ideal conversion material should have high PL-QY to
guarantee a sufficient efficacy of the device and a narrowly and precisely tunable PL spectrum
to allow good color rendering. [13] A high temperature and long-term stability [22] as well
as low ecological risks and a continuous supply of the material should furthermore also be
guaranteed. While rare earth-based phosphors include risks in at least two of these categories,
QDs theoretically meet all of them. It should be noted that most of the used QDs contain
Cd but the amount necessary to form a suitable conversion layer is negligible. This is also
expressed in the EU’s attempt to expel Cd-based color converters for general and display
backlighting from the Restriction of Hazardous Substances (RoHS) directive, regulating the
use of toxic materials in the EU. [23] Due to these persuasive properties, the use of QDs as
conversion layers sparked industrial applications. They started with the demonstration of
a 40” display prototype by Samsung [24] followed by the foundation of QD Vision, Inc. [25]
whose QDs are now used in the latest series of Sony products.
However, a full protection of QDs providing high photostability and processability while not
deteriorating their photoluminescence at the same time is still a challenge. For instance, the
rigid chemical conditions used in the polymerization of silicone or sol-gel syntheses of inorganic
oxides which are commonly used materials for the encapsulation of light emitting entities
*Parts of this chapter have already been published. [19–21]
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impair the PL of the embedded QDs. [26] To solve this problem, the discussed variety of
QD-salt mixed crystals formation methods [19, 20,27–32] were introduced, enabling the formation
of highly stable and strongly emissive composites. The mixed crystals can be ground easily
and the resulting powder can be added to the silicone polymerization solutions in requested
amounts and color ratios. Consequently, no degradation of the mixed crystals and their PL
was observed, as discussed in detail in Chapter 3.1.1. Composites containing mixed crystal
powders appear milky due to scattering and retain the emission colors corresponding to the
initial QDs as it can be seen in Figure 4.3.
Figure 4.3.: True-color images of mixed crystal powders incorporated into silicone cylinder
under a) ambient light and b) 365 nm UV excitation. The milky appearance of
the silicone mixed crystal composite is related to scattering. Adopted by courtesy
of Nano Lett. 2012, 12, 5348. Copyright 2012, American Chemical Society.
4.2.1. White LEDs by using "Classically" Prepared Mixed Crystals
In the first preparations, CdTe-based mixed crystals were used as color conversion layers.
Composites of this kind were deposited on commercially available 1 W blue InGaN LED chips
to produce a proof-of-concept white light-emitting device. Figure 4.4 a)-c) shows the basic
principle of color conversion layer blended on top of the InGaN chip. The w-LEDs illuminating
capacity and color coordinates are shown in Figure 4.4 d) and e) respectively. This w-LED
has a CCT of 6500 K matching the CCT of midday sunlight quite well. It could therefore
be used as light source for offices. Such a CCT is at the same time not appropriate for
residential lighting as well as the LED’s comparably low CRI of 53.4, although the device’s
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LER is promising with 266 lm/Wopt.. As it can be derived from the spectrum, the reason for
the unfavorable performance is the lack in red and green photons emitted from the devices.
Furthermore, the position of both colors is quite unsuitable for reaching high CRI and LER
as well as a low CCT. While red-emitting mixed crystals are easy to access by using CdTe
QDs as emissive centers, PL spectra showing their maximum intensity at a wavelength below
550 nm are hardly available.
Figure 4.4.: a)True-color image to the bare blue-emitting 1 W InGaN LED chip, b) schematics
of its hybridization with mixed crystals embedded in silicone and c) the resulting
white LED. d) Color coordinates of the w-LED are shown as a cross in the CIE
1931 diagram. The color temperature of the device as derived from the closest
point in the Planckian locus is around 6500 K. e) A title page from reference [33]
illuminated by the w-LED as well as f) the corresponding PL spectrum of the
shown w-LED. Adopted by courtesy of Nano Lett. 2012, 12, 5348. Copyright
2012, American Chemical Society.
Besides the lack in green-emitting mixed crystals, two more challenges occurred while using
CdTe QDs as emissive centers. Firstly, the FWHM of the red-emitting mixed crystals was
always between 40-45 nm reflecting a spectrum that is too broad for high-performance w-LEDs.
Based on theoretical calculations in the literature [2, 34], a FWHM of 30 nm or less is crucial
for the red component to achieve CRI values above 90. Secondly, large amounts of mixed
crystal powder are necessary to form an emissive layer on top of the LED capable of absorbing
and converting sufficient amounts of emitted blue photons. In fact, the bare blue LED shown
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in Figure 4.4 a) provides a volume of approximately 100 µL above the chip, while amounts
of several 100 mg of mixed crystal powder and the blending silicone would be necessary to
achieve an efficient blue to white conversion.
Both QDs emitting in the range of 520-530 nm and red-emitting QDs with a FWHM are
accessible when oil-based CdSe/ZnS QDs with an alloyed gradient shell are used, as shown
in Chapter 2.1.2. Their properties can also be maintained easily during a ligand exchange
procedure; only their limited stability within a saturated salt solution needs to be solved.
Therefore, two possible crystallization approaches can be suggested. First, the use of seed-
mediated LLDC or, as a second approach, the change from NaCl to disodium tetraborate
decahydrate (borax) as an alternative host matrix. Detailed descriptions of these two methods
can be found in Chapters 2.2.4 and 2.3.2.
4.2.2. LLDC-based Mixed Crystals for w-LED Preparation
By using seed-mediated LLDC-based mixed crystals, the beneficial properties of initially
oil-based QDs could be utilized. Films of mixed QD-salts prepared by the seed-mediated
LLDC method were integrated in a commercially available 1 W 460 nm blue-emitting InGaN
LED in order to produce a color conversion w-LED. The emission spectrum of an exemplarily
integrated electrically driven device is shown in Figure 4.5 a). Figure 4.5 b) displays the
w-LED under ambient illumination and during the operation. Figure 4.5 c) and d) show the
LLDC-based mixed crystals used for the w-LED preparation. Their durability and photostability
can be compared to the ones of the LEDs made with classically grown mixed crystals. [19, 27]
Moreover, no deterioration of the emission properties is observed after an on/off test for at
least 20,000 cycles. Nevertheless, the cold-white/blue shaded emission of the w-LED is clearly
visible, although more than 100 mg of powder were used again. Consequently, seed-mediated
LLDC-based mixed crystals are also not capable of preparing a high-performance w-LED with
low CCT and high CRI.
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Figure 4.5.: a) Emission spectrum of a cold blue w-LED using the seed-mediated LLDC-based
QD-salt mixed crystals as color converters. b) The photograph shows a true-color
image of the resulting LED under ambient illumination (left part) and with the
LED switched on (right part). Images of the mixed crystals under the illumination
of a c) standard fluorescence lamp and d) 365 nm UV excitation are given for
comparison. Reprinted by courtesy of Adv. Funct. Mater. 2015, 25, 2638.
Copyright 2015, John Wiley and Sons.
4.2.3. A Model-Experimental Feedback Approach towards w-LEDs
Up to this point, only proof-of-concept w-LEDs without any photometric optimization were
shown. In this section, a model-experimental feedback approach for preparing QD-salt mixed
crystals was carried out. This approach is aimed to be used for producing w-LEDs with a
high LER, a high CRI and a low CCT in comparison to the incandescent bulb. At first, the
model [34], which is provided by the Bilkent cooperation group of Professor Hilmi Volkan
Demir, was used to identify the spectral requirements for high-quality lighting employing
QD PL spectra which were then implemented in the following QD synthesis. By comparing
the experimental spectra at each intermediate stage with the model, the color quality and
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photometric efficiency of the final w-LED were optimized. Borax-based mixed crystals with
CdSe/ZnS QDs with an alloyed gradient shell as emissive centers were afterwards used as
color conversion layers. As already described in Chapter 2.2.4, they have a 3.4 times higher
QD loading than their NaCl-based counterparts, making them an ideal choice. Finally, it was
shown that the encapsulation of the QDs in salt crystals provides an outstanding emission
stability integrated with LEDs driven at high currents.
In order to maximize the photometric performance of the w-LEDs, the spectra of the LEDs
were carefully designed before the experiments so that the fitting QDs can be used with the
correct amounts. For this purpose, the results of the Bilkent group’s previous study [34] used
as starting point were highly beneficial. Within all calculations, the emission of the QDs
were modelled as a Gaussian function unless the experimentally measured photoluminescence
spectra were applied. In the designs, CRI and LER were maximized indicating the good
rendering of the objects’ real colors and the good overlapping of the light source’s spectrum
with the eye sensitivity curve. Furthermore, special emphasis was given generating a white
light with a warm white shade acquiring a CCT below 4500 K. According to the previous
results, only a tiny fraction of all possible color combinations yields LED spectra where
CRI > 90, LER > 330 lm/Wopt. and CCT < 4500 K are obtained simultaneously. The
photometric calculations were used as feedback tool for designing w-LEDs. At first, the
number of color components was determined. According to Tsao [2], four color components,
i.e., blue, green, yellow, and red, are required for producing a high-quality white light. Within
the previous work, the required wavelengths, relative amplitudes and FWHM values of the QD
emitters were determined. [34] Considering this prior work, a blue LED emitting at 460 nm,
green-emitting QDs with the peak emission around 530-540 nm and red-emitting QDs with
the peak emission around 620 nm were chosen here. Although the necessary condition for
the yellow peak wavelength for producing high-quality lighting was found to be 570-580 nm,
the yellow component was chosen to fine-tune the white LED spectrum as the experimental
implementation slightly differs from the theoretical calculations. For this purpose, green
and red QD mixed crystals were prepared and their photoluminescence spectra was recorded
before preparing the yellow QD mixed crystals. The calculations showed that employing
the blue LED together with these green and red mixed crystals cannot provide high LER
and high CRI together with a warm white shade at the same time, confirming the results
of reference [2]. Furthermore, to determine the conditions for high-quality white light, the
required peak emission wavelength of the yellow color component were calculated by applying
the PL spectra of the green and red mixed crystals along with the ones of the blue LED.
Since the material composition and the synthesis methodology of the yellow QDs are similar
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to those of the green QDs, the FWHM value of the yellow QDs was selected to be the same
as the one of the green QDs. The calculations revealed that the peak emission wavelength
around 570 nm allows to realize that CRI > 90, LER ~350 lm/Wopt. and CCT < 3000 K, all
at the same time. Based on this information, yellow mixed crystals emitting at 573 nm were
grown. In the center of Figure 4.6, possible CRI-LER combinations of the modeled LEDs
based on experimentally prepared mixed crystals are shown as black squares, while the green
background is a guide for the eye showing feasible combinations.
Figure 4.6.: Overview of feasible CRI-LER combinations (black squares) with the experimen-
tally prepared mixed crystals used as color conversion materials on blue LEDs
(center). The two PL spectra on the left and the bottom right one show the-
oretically determined combinations corresponding to the marked points on the
CRI-LER plane. The top right PL spectrum and the corresponding red square
show the photometric performance of the most optimized final w-LED. Adapted
by courtesy of ACS Appl. Mater. Interfaces 2015, DOI: 10.1021/acsami.5b08377.
Copyright 2015, American Chemical Society.
The PL spectra display exemplarily chosen possible combinations of the four colors and their
corresponding photometric performance. Subsequently, the required relative amplitudes of the
color components were determined by using the experimental emission spectra of the QD-salt
crystals and the blue LED to be 2/9 for both the blue and the green components, 1/9 for
the yellow component and 4/9 for the red color component to achieve a high-color quality
and photometric performance. Based on these calculations, a white LED made of these
mixed crystals was prepared experimentally achieving CRI = 91, LER = 341 lm/Wopt. and
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CCT = 2720 K simultaneously, marked as a red square in the center and the corresponding
PL spectrum shown in the upper right corner of Figure 4.6.
Oil-based CdSe/ZnS QDs with an alloyed gradient shell were used due to their superior optical
properties, as discussed in Chapter 2.1.2. In Figure 4.7, the PL spectra of the resulting QDs
are shown. The QDs have emission maxima at 530, 570 and 617 nm, FWHMs of 40, 30
and 30 nm, and PL-QYs of 38.5%, 40.2% and 42.6% for green, yellow and red respectively.
These FWHMs are in agreement with the requirements of high-quality lighting as described
in reference [34]. Below the PL spectra in Figure 4.7, a photograph of the QD solutions in
CHCl3 under UV excitation shows their bright, pure color emission.
Figure 4.7.: a) PL spectra and b) true-color images under UV excitation at 365 nm of
three different CdSe/ZnS QDs samples. The QDs are dispersed in CHCl3 and
stored under ambient conditions. Adapted by courtesy of ACS Appl. Mater.
Interfaces 2015, DOI: 10.1021/acsami.5b08377. Copyright 2015, American
Chemical Society.
Since Cd-based materials have an inherent toxicity, their usage for general applications is highly
restricted. Nevertheless, if the benefits of using Cd-based materials strongly exceed the risks,
their usage can be permitted by law, as some current attempts indicate for the use of Cd-based
QDs in display color enrichment and general lighting color conversion applications within the
EU. [23] Prior to the mixed crystal preparation, the QDs were subject to a ligand exchange
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procedure (PT 11) replacing the long-chain aliphatic with MPA. A detailed description of PT
11 can be found in Chapter 2.2.4 and Appendix A.3.
Embedding the ligand exchanged QDs into NaCl is known to be non-trivial, since their stability
in aqueous media is lower compared to the initially aqueous based CdTe QDs. [28] When NaCl
is used as a host, only mixed crystals with small loading amounts of QDs can be obtained, as
shown in Figure 2.24. To overcome this problem, both the different crystallization procedure
LLDC [20] and another host material can be used. Since the LLDC also delivers a QD loading
that is insufficient for the highest-quality color conversion (see above), borax is used as the
host material. The resulting borax-based mixed crystals are displayed in Figure 4.8.
Figure 4.8.: True-color (a, d and g) and microscopic (b, e and h) images of differently
emitting CdSe/ZnS QDs incorporated into borax crystals under UV excitation
(365 nm). Graphs c), f) and i) show the corresponding PL spectra of the initial
solutions (black lines) and mixed crystals (red lines). Adapted by courtesy of
ACS Appl. Mater. Interfaces 2015, DOI: 10.1021/acsami.5b08377. Copyright
2015, American Chemical Society.
Owing to its much lower solubility in water in comparison to NaCl (0.13 mol/L compared
to 6.14 mol/L respectively) [35], the ionic strength of the saturated borax solution is much
lower than the one of the saturated NaCl solutions. Therefore, the stability of the ligand
exchanged QDs is much higher within the borax solution, while the QD loading within the
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resulting mixed crystals is higher when the same amount of QDs per mL is used. Stripping
voltammetry measurements showed a 3.4 times higher amount of Cd and consequently QDs
within borax in comparison to the NaCl-based mixed crystals prepared from the same batch
of ligand exchanged QDs. As it can be seen from the microscopic images in Figure 4.8 b), e)
and h), the QDs are reasonably uniformly distributed within the matrix. The corresponding
PL spectra show that the pure color emission does not change upon incorporation, however, a
small red shift of the emission maxima occurs. This shift is accompanied by the change of the
surrounding dielectric media from a water to a salt matrix. [19, 28] The PL spectra in Figure 4.8
f) show a reproducible slight red tailing indicating a small amount of aggregated QDs upon
incorporation into borax. This slight broadening, in the case of the yellow component, does
not significantly reduce the overall quality of the color converter. To ensure that the spectral
properties of the mixed crystals will not change upon grinding and incorporation into silicone,
thin layers of powder encapsulated into the silicone resin were prepared. As expected from the
results discussed in Chapter 3.1.1, no change occurred during the silicone embedding process.
These mixed crystals were also subject to PL-QY, PL-LT and TEM analyses discussed in
detail in Chapter 3.1.1 and 3.2.
In order to analyze the emission intensity stability of the QD-salt mixed crystals, they were
hybridized on a blue LED driven at 300 mA for 96 h. To avoid a strong heat generation,
the LED was placed on an aluminum plate for passive cooling and operated with a 1 kHz
on/off rate. Under these conditions, the LED temperature remained below 35 °C (see Figure
4.9 a)) while a continuous operation did cause an increase to 72 °C which would reduce the
overall stability of the emissive layer. Figure 4.9 b) displays the PL spectra recorded during
the analysis. The intensity of the mixed crystal emission only decreases slightly which is in
good agreement with the findings on the PL stability of the mixed crystals under intense
illumination, discussed in Chapter 3.3. Therefore, these mixed crystals outcompete most of
other QD packaging approaches in terms of photostability, verifying their suitability in color
conversion applications. It should be noted that the mixed crystals were grown under ambient
conditions. A preparation under inert atmosphere could be beneficial for commercialization
reasons, preventing the incorporation of dissolved O2. This might be a crucial step for a
further increase of the photostability.
4. Lighting Applications of Mixed Crystals 101
Figure 4.9.: a) IR image of a LED hybridized with mixed crystals. The image was taken
after a 15 and 30 min of operation with a 1 kHz switching rate, proving that
the temperate remains constant slightly above room temperature, not exceeding
35 °C. b) PL spectra of the w-LED before and during the stability tests. The
w-LED was driven at 300 mA and a 1 kHz on/off rate, avoiding a significant heat
generation. Adapted by courtesy of ACS Appl. Mater. Interfaces 2015, DOI:
10.1021/acsami.5b08377. Copyright 2015, American Chemical Society.
During initial preparations, a swelling of the powder-silicone mixture was observed, causing
an inhomogeneous and porous conversion layer, as shown in Figure 4.10 b). These layers
showed low mechanical stability (Figure 4.10 c), after manipulating the conversion layer
with tweezers) and provided only weak protection of the fine powder against oxygen and
water-vapor diffusion, yielding a change of the w-LEDs spectrum within a few days. Unlike
the recently used matrices NaCl, KCl, etc., borax crystallizes as decahydrate. As it can be
seen from the thermogravimetric analyses of the borax-based mixed crystals in Figure 4.10 d),
parts of the crystal water are released at 70 °C which is the curing temperature of the silicone.
Gently drying the mixed crystal powder under vacuum at 70 °C before blending it with the
silicone ensures that no further crystal water is released during the curing, yielding a smooth
and rigid conversion layer as shown in Figure 4.10 a). Removing parts of the crystal water
during the drying step also reduces the overall mass of mixed crystal powder needed, enabling
the formation of smaller conversion layers.
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Figure 4.10.: a) True-color image of a LED prepared by using borax powder which was dried
before it was blended with the silicone on top of the LED. Photographs b)
and c) show LEDs produced by using non-dried mixed crystal powder. While
b) shows the porous and non-homogenous silicone encapsulation, c) displays
the lower mechanical stability of such layers. d) Thermogravimetric analysis
of borax-based mixed crystals. The blue line displays the applied temperature
program, with a two hour isothermic part at 70 °C to imitate the curing of
the silicone on top of the LED. Adapted by courtesy of ACS Appl. Mater.
Interfaces 2015, DOI: 10.1021/acsami.5b08377. Copyright 2015, American
Chemical Society.
To produce the final w-LED, mixed crystals were ground to fine powder, while dried and
defined amounts of green (20 mg), yellow (8 mg) and red (16 mg) converters were blended
together with a two-component industrial standard silicone resin. These amounts represent a
significant reduction of mixed crystals powder which is necessary to form high-quality w-LEDs.
By adjusting the amounts of green, red and yellow powder, the hue of the final device can be
tuned to a warm white. Figure 4.11 d) shows the emission spectrum of the resulting warm
w-LED achieving a CCT of 2720 K, a CRI of 91 and a LER of 341 lm/Wopt. at the same
time. These values combine a warm white hue which is comparable to an incandescent bulb
(CCT ~2800 K), while preserving the high efficiency of the SSL devices and giving a color
rendering which meets industrial requirements. [36] Furthermore, it overcomes the CRI = 90
barrier of QD-based LEDs for the first time while reaching LER > 340 lm/Wopt. with a warm
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white shade at the same time, exceeding the current state-of-the art in literature. [37] Several
studies presented promising w-LEDs with QD-based conversion layers and a CRI close to and
above 90 by using either Cd-containing [37, 38] or Cd-free [39–41] QDs. Nevertheless, none of
them managed to reach a CRI > 91 while providing a CCT < 3000 K as well as a LER >
340 lm/Wopt. at the same time, thereby balancing these strongly related figures of merit.
Figure 4.11.: Photographs a), b) and c) show true-color images of the mixed crystals under
ambient illumination with a standard fluorescence lamp (a), with the prepared
w-LED (b) and under 365 nm UV excitation. Graph d) presents the PL spectrum
of the w-LED within the visible region (solid line) and the modeled spectrum
used (dotted line), while e) shows a CIE 1931 diagram with the black-body
radiator (black line, CRI 100) as comparison, the w-LED marked with the black
cross and an incandescent bulb (grey cross). Adapted by courtesy of ACS
Appl. Mater. Interfaces 2015, DOI: 10.1021/acsami.5b08377. Copyright 2015,
American Chemical Society.
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In Figure 4.11 e), the position of the LED spectrum within the CIE 1931 diagram (x=0.4557,
y=0.4056) and a black-body radiator are marked with a cross and a black curve respectively.
Figure 4.11 a) shows the QD-salt mixed crystals that were used for producing the w-LED
under the illumination of a standard fluorescence lamp. In comparison, the same image was
taken in the darkened room, only illuminated by the final w-LED (Figure 4.11 b)). Here,
especially the red crystals have a more saturated color in comparison to Figure 4.11 a))
which is due to the LEDs’ much higher amount of emitted red photons in comparison to
the fluorescence lamp. Since most of today’s commercially available w-LEDs also lack a
sufficient amount of red within their emission spectra, the fluorescence lamp can be used
for comparison. Figure 4.11 c) shows the same image taken under 365 nm UV excitation,
proving the intense and pure color emission of the mixed crystals.
4.3. Summary
The applicability of mixed crystals emitting in the visible range was evaluated in this chapter.
By using both the "classical" method employing CdTe in NaCl and the LLDC procedure,
proof-of-concept w-LEDs were produced showing the general suitability of the mixed crys-
tals for color conversion purposes. Afterwards, a model-experimental feedback approach
was presented to prepare CdSe/ZnS QDs with an alloyed gradient shell whose emission
spectra meet the requirements of high-quality white light luminaires. These QDs were suc-
cessfully phase-transferred and incorporated in borax-based mixed crystals which provide a
rigid and air-tight ionic matrix while ensuring a high loading density of the QDs. Through-
out all steps, intermediate results were reviewed with the spectral model to ensure their
applicability as color conversion materials. By hybridizing green-, yellow- and red-emitting
mixed crystals onto a blue LED, a w-LED with superior optical properties was finally produced.
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5. Recently Emerging Approaches to
Mixed Crystal Preparation
The approaches to mixed crystallization presented in the work an firstly shown within the
publication in Nano Letters [1] already attracted sufficient interest in the QD community.
Several groups followed the work and contributed to the field with their ideas and new
methods. This chapter overviews these recent achievements with the aim to complete a full
picture of the field.
First of all, our cooperation partners at Bilkent University in Turkey developed in cooperation
with our group three further mixed crystal systems which should be briefly discussed here.
As discussed in the previous chapters, the stability of the QDs is always one key parameter
which is strongly affected by the high ionic strength within the saturated salt solution. One
suggested solution can be the utilization of a matrix that is easily soluble in water but has
no ions, e.g., sucrose. In their original study [2], they created mixed crystals with pure TGA-
stabilized CdTe QDs as well as systems with CdTe QDs and Au nanoparticles (NPs). In these
hybrid systems, a plasmonic enhancement of the CdTe PL-QY was observed when correct
ratios of CdTe and Au were present in the mixed crystals, as it can be seen in Figure 5.1 b).
The resulting mixed crystals show a relatively even distribution of the embedded NPs and
an intense fluorescence (see Figure 5.1 a)). Due to non-ionic character of the media, the
method is ideal for using ligand exchanged QDs with limited stability. Therefore, it was
adopted for growing mixed crystals with PbS, which was discussed in Section 2.4, as well
as Cu:InZnS/ZnS QDs. The embedding of Cu-doped QDs within the sucrose resulted in
colored composites that only resemble the blue emission of the sucrose while no emission
was detectable from the QDs. The reason therefore might be the low PL-QY of the ligand
exchanged Cu:InZnS/ZnS QDs and/or an adverse interaction of the host matrix with the
QDs.
Nevertheless, the use of sucrose as host matrix still needs to be optimized in further studies.
First of all, the crystallization at 30 °C in an oven can take up to several weeks, although
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this might be overcome by using crystallization vessels with greater diameters. Secondly,
sucrose has only a reduced stability against heat and humidity limiting its fields of application.
Concerning the latter point, an encapsulation into a silicone resin might reduce this weakness.
Figure 5.1.: a) True-color image of a hybrid Au NP/CdTe QD mixed sucrose crystal. The image
was taken under ambient light (left part) or 365 nm UV excitation (right part).
The middle inset shows the mixed crystal under a scanning electron microscope,
while the right inset was taken by using transmission electron microscopy. b)
PL-QY corrected PL spectra of the mixed crystals with varying amounts of Au
NPs and a fixed content of CdTe QDs. Adopted by courtesy of Nano Res. 2015,
8, 860. Copyright 2015, Springer.
The following approach is sophisticated, despite the fact that the stability limitation of
the host can be considered as valid. In this study [3], our colleagues at Bilkent University
incorporated oil-based CdSe/ZnS QDs with an alloyed gradient shell into anthracene as host
matrix. Anthracene is soluble in CHCl3 eliminating the necessity for a QDs ligand exchange
and is, due to its conjugated π-system, able to emit blue light if excited with UV radiation.
Therefore, the QDs and the host provide a mixed emission color in the mixed crystals, as
shown in Figure 5.2 a). Since the QDs on the other hand strongly absorb blue light, the
host can act as donor and non-radiative transfer energy to the QDs which acts as acceptor.
This process is clearly shown in Figures 5.2 b) - d) with the reduction of the anthracene’s PL
intensity upon QD incorporation (b) as well as an increase in the emission intensity per QD
within the crystals (c). Furthermore, QDs embedded into anthracene show a PL excitation
(PLE) spectrum composed of the pure QD part. It, however, also shows strong parts of the
anthracene’s PLE spectrum, indicating an energy transfer. This theory is supported by a
decrease in the PL-LT of the donor/host and a corresponding increase of the acceptors/QDs
PL-LT.
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Figure 5.2.: a) Macroscopic true-color images of anthracene-based mixed crystals (left column,
MC 1-3) and pure anthracene crystals (right column) under ambient light or
365 nm UV excitation. Optical and scanning electron microscopy images of the
corresponding crystals as well as true-color images of the resulting powders under
365 nm UV excitation are displayed below. b) PL spectra of thin films prepared
by using the powders from a) blended with silicone, λex 375 nm. c) PL intensity
normalized to the amount of QDs within the three samples. d) PLE spectra
of the three mixed crystals normalized with respect to the QD amount along
with the one of the only QD film, all recorded in an emission wavelength range
of 600-750 nm to collect the QD emission, except the PLE of the anthracene
crystal recorded between emission wavelengths of 430 and 750 nm. Reprinted
by courtesy of J. Phys. Chem. Lett. 2015, 6, 1767. Copyright 2015, American
Chemical Society.
To overcome the reduced stability of an organic host matrix and to avoid the necessity of a
ligand exchange, the incorporation of oil-based QDs into LiCl was introduced recently. [4] LiCl
is soluble in THF which also disperses the QDs relatively well and can be used as solvent
for the mixed crystal parental solution, depicted in Figure 5.3. To avoid the aggregation of
the QDs within THF, the evaporation of the solvent is accelerated in a vacuum chamber
providing a fast procedure with resulting mixed crystals of less than 200 µm. As shown in
Figure 5.3 a) - d), the mixed crystals clearly have the same strong emission as the QDs in
CHCl3. The graph in Figure 5.3 e) shows a small red shift of the emission maxima which
can be related to the change of the surrounding media and some aggregation. This could
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also explain the small broadening of the PL spectra and the slightly reduced PL-LT of the
QDs within LiCl. Furthermore, the absorption spectra of the QDs in solution and within LiCl
show comparable transitions, although in the case of the mixed crystals the spectrum is partly
blurred supporting the theory of partial aggregation. The images f) and g) of Figure 5.3
clearly reveal that the encapsulation of these LiCl-based mixed crystals into epoxy does not
alter their optical properties. Due to the direct transfer of the QDs from the solution into
LiCl as host, the initial PL-QY can be retained, even during a long-term operation hybridized
on a high-power blue LED driven at 100 mA. Therefore, this method provides access to highly
emissive mixed crystals based on LiCl as a host and oil-based QDs without the necessity of a
previous phase transfer protocol.
Figure 5.3.: a-d) True-color images of QD solution and corresponding LiCl-based mixed
crystals under ambient lighting (a and c) and 365 nm UV excitation (b and
d). e) PL spectra of the QD solution (solid green line) and the corresponding
mixed crystals (dotted green line) as well as the absorption spectrum of the
QD solution (red line). (f and g) True-color images of LiCl-based mixed crystal
powder hybridized with epoxy under ambient light and a 365 nm UV excitation.
Adopted by courtesy of Nanoscale. 2015, DOI: 10.1039/C5NR02696B. Copyright
2015, Royal Society of Chemistry.
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Furthermore, Professor Rogach’s group embedded CdTe in NaCl according to our first
publication in 2012. They reported the formation of mixed crystal powders with enhancend
PL-QY upon incorporation and emission colors covering the whole green to red spectral region.
With these materials, they prepared pure-color luminaires by using a UV-LED as excitation
source. [5] Applying KBr, KCl and NaCl as host matrix, Professor Li’s group extended our
work by using C-dots as emissive centers. [6] Aiming at an efficient and stable blue emitting
system, the inorganic salt matrix proved to be distinctly more stable than silica. By using a
similar approach to the LLDC, the group of Professor Jiang used a co-precipitation of CdTe
QDs with NaCl in a water-EtOH mixture to prepare QD-salt mixed crystals. [7] The same
group also published a protocol by using BaSO4 as an alternative inorganic host material to
prepare QD-salt composites for producing w-LEDs. [8] In both protocols, fine powders of mixed
QD-salt crystals are generated, which proved their suitability as color conversion material
although no investigations on their chemical stability was conducted. Moreover, Professor
Yang’s group implemented the use of cellulose as a host matrix embedding CdTe QDs to form
color conversion layers on top of a blue LED. [9] The preparation of these composites proved
to be highly dependent on the initial stabilizing agents as well as temperature at which to
composites are formed.
5.1. Summary
The technique of embedding various QDs into ionic host matrices attracted considerable
attention within the QD community around the world, sparking new areas of research. The
original idea was already extended to different nanoparticles (e.g. Au NPs) and host systems
(e.g. BaSO4, anthracene, sucrose) by other research groups. Next to their application as
color conversion materials for both, white and pure color LEDs, their optical properties were
investigated in even more detail. Energy transfer between both metal and semiconducting NPs
as well as the host and the embedded QDs and an acceleration of the mixed crystal formation
proved to be of great interest. As no general physical limitation for further variations of host
and encapsulated NPs appeared until today, a huge field of QD-host combinations can be
imagined. Furthermore, emerging new applications applications for the mixed crystals will
contribute towards a wide spreading of the approach.
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6. Conclusion and Perspectives
Solution-synthesized colloidal semiconductor QDs have gathered considerable attention for
various applications over the last decades. These materials offer unique physical and chem-
ical properties including, but not limited to, bright and pure color luminescence as well as
size-related tunable emission. Nevertheless, it is still a challenge to maintain these superior
qualities in different packaging approaches for final applications. The present work helps to
overcome this issue by embedding the QDs into inorganic materials, providing extremely solid
and airtight matrices.
Starting with the "classical" approach, CdTe QDs as well as carbon dots were incorporated in
several salts including NaCl, KBr and KCl. Applying this straightforward protocol, strongly
emitting mixed crystals without altering the optical properties of the included emitters were
produced, especially in the case of MPA-stabilized CdTe QDs. For TGA-stabilized CdTe
QDs, some modifications of the initial crystallization protocol were implemented adjusting
the amount of free stabilizer, the pH and the host matrix.
Apart from the aqueous-based QDs, oil-based synthetic protocols yield QDs with high optical
qualities. In order to make them compatible with the mixed crystallization in aqueous media,
their initial long-chain aliphatic ligands were replaced by short-chain bifunctional molecules
making the QDs soluble in aqueous environment. The resulting colloidal solutions remained
stable for up to a minimum of six months, depending on the nature of the QDs and the
new ligand shell. Nevertheless, a part of the QDs PL-QY was lost in the ligand exchange
which needs to be analyzed thoroughly in subsequent studies. These QDs were successfully
incorporated into ionic matrices in the second step. In comparison to the initially water soluble
CdTe QDs, the ligand exchanged ones proved to be less stable in high ionic strength media
of the saturated NaCl solution. Therefore, disodium tetraborate (borax) was introduced as
a new host material having a much lower solubility and ionic strength within its saturated
solution. Borax crystallizes as a decahydrate from solution which might be a problem for
some applications. Accordingly, future studies should further analyze host materials with a
comparably low solubility but without having crystal water in their structure.
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In order to reduce the time needed for the mixed crystal formation, the "liquid-liquid diffusion-
assisted crystallization" (LLDC) was introduced. In this method, the low solubility of NaCl in
MeOH was used for reducing the formation time of approximately seven days to less than
twenty hours. The method can be used to incorporate both the initially aqueous soluble
CdTe QDs and the phase transferred QDs without suffering from their lower stability due to
the much faster mixed crystal formation. Furthermore, by extending the LLDC towards a
two-step approach, oil-based QDs were embedded into NaCl by a controlled destabilization
without a previous ligand exchange. This versatile protocol enabled the incorporation of
QDs that were previously hardly accessible into mixed crystals, e.g., InZnP QDs. In addition,
the incorporation of NIR emitting QDs was implemented by using the "classical" approach
with both NaCl and sucrose as host matrix. Due to its non-ionic character, sucrose provides
a high colloidal durability even for QDs with a low stability within the saturated solution.
The resulting mixed crystals enabled the access of the two biological windows around 900
and 1200 nm as well as the first telecommunication window at 1300 nm. Therefore, new
possible applications of mixed crystals in bioimaging and signaling processes as well as data
transmission are feasible. In a subsequent study, mixed crystals reaching up to 1550 nm,
which is the second telecommunication window, shall be prepared. Such materials are not yet
accessible with current techniques.
In order to understand the bright emission of the mixed crystals, a systematic study allowing
an interpretation of the observed changes in the luminescence behavior of QD colloids upon
incorporation into the salt crystal was necessary. Consequently, CdTe QDs embedded in NaCl
were chosen as the most developed system for in-depth PL-QY and PL-LT studies focusing
on differently sized parent CdTe QDs as well as on CdTe QDs with low and high PL-QY in
aqueous solution. Moreover, the PL behavior of CdSe/ZnS QDs with an alloyed gradient shell
embedded into NaCl and borax by using the classical and LLDC approach was analyzed. The
results showed a strong correlation between the PL-QY and PL-LT of the parental QDs and
the refractive index of the host media regarding the development of both PL-QY and PL-LT
upon the mixed crystal formation. CdTe QDs with lower PL-QY initial values and thereby
more surface defects yield higher enhancement factors upon incorporation indicating a curing
of these defect states, most probably by the formation of a thin CdClx layer. This observation
was supported by the result of the CdSe/ZnS QDs analyses. Upon incorporation into the
mixed crystals, CdSe/ZnS QDs showed no enhancement above the refractive index induced
changes. Besides, PL-QY measurements proved that a silicone encapsulation of the mixed
crystals does not alter their optical properties. However, a derivatization of structure-property
relationships for designing these fascinating materials requires more systematic studies. These
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should involve different host materials like KCl, NaBr, and KBr as well as QDs of various and
well-known surface chemistries, thereby addressing the hypothesis of curing surface defect
and the influence of the refractive index of the matrix as well as the reproducibility of the
mixed crystal formation. Moreover, silicones or other processable polymers with matching
refractive indices for controlling the scattering characteristics of the QD-salt crystal-polymer
composites should be analyzed in further studies.
Aiming at an visualization of the incorporated QDs within the ionic matrices at the crys-
tallographic level, TEM analyses were conducted. These measurements revealed that only
thin sheets of the mixed crystals could reliably be analyzed without melting the samples.
Additionally, it was shown that the QDs are incorporated by an uniform distribution and not
aggregated, supporting the results of the optical analyses. The TEM tomography would be
a promising tool in subsequent studies to gain a three-dimensional insight into the QD-salt
mixed crystals. Due to the long measuring time of ~2 h, even the thin sheets were not
stable enough to remain unaltered during the procedure, requiring more sophisticated sample
preparation techniques.
Regarding their long-term stability, the mixed crystals proved to be of exceptional durability
in both photometric and chemical respect. The stability in conjunction with their superior
optical properties encourages the use of QDs embedded in salt matrices for designing new
photonic materials with tunable optical properties, e.g., for color conversion.
This, especially in the UNESCO "International Year of Light and Light-based Technologies",
highly relevant topic of white light generation by using a blue LED as excitation source and
down-converting phosphors was addressed in the fourth part of the current work. After the
proof-of-concept w-LED by using mixed crystals with both "classical" and LLDC crystal-
lization methods was demonstrated successfully, a model-experimental feedback approach
was implemented. By defining the starting conditions and verifying every intermediate step
with the underlying model, a w-LED could be prepared achieving for the first time the very
challenging combination of a superior color rendering, optical efficiency as well as a warm
white hue at the same time.
The approach of embedding QDs into tight ionic matrices sparked ideas within other research
groups to adopt and extend the technique. Next to our partners of the Bilkent research
group, who spent a lot of effort on the analyses of energy transfer processes within mixed
crystals, other groups also published their ideas and results. Those included their use as
color converters for pure color LEDs as well as new QD-host combinations, proving the great
potential of the approach as well as the QD communities interest about it.
Future studies should include the use of anisotropic quantum structures like quantum rods,
6. Conclusion and Perspectives 117
especially in combination with an oriented incorporation of the quantum structures into the
host matrices as well as a shape-directed crystallization. These mixed crystals might find
highly promising applications in the field of lasing, polarized emission, display technologies and
other optical areas profiting from anisotropy. Furthermore, the use of Cd-free QDs shall be
analyzed in more detail with emphasis on retaining the PL-QY over all intermediate steps. To
improve the optical efficiency of mixed crystals, plasmonic nanomaterials can be co-embedded
as already shown with sucrose as matrix, but with the utilization of a pure inorganic host for
enhanced stability. Lastly, in the field of LED application, an improvement of the PL-QY as
well as the outcoupling of light from the device is required to reach not only high optical but
also high electrical efficiency.
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A. Appendix
A.1. Reagents
Table A.1.: Chemical substances used during the preparation of this work.
Substances Supplier Molar mass purity or
[g/mol] concentration
Acetone Merck 58.08 p.a.
Al2Te3 Cerac 436.76 99.5%
Adenosine monophosphate Sigma-Aldrich 391.18 99%
Ba(NO3)2 ABCR 261.35 99%
BaBr2 · 2 H2O ABCR 333.17 99.3%
BaCl2 Suprapur 208.23 99%
Benzoylperoxide Merck 242.23 75%
Borax Na2B4O7 · 10 H2O Grüssing 201.22 99%
Cd(ClO4)2 · 6 H2O Alfa-Aesar 419.42 99.999%
CdO Sigma-Aldrich 128.41 99.5%
Chloroform Sigma-Aldrich 119.37 >99%, H2O-free
Cetyltrimethylammoniumbromid Sigma-Aldrich 364.45 98%
Cu(OAc)2 Sigma-Aldrich 181.63 99.999%
CuSO4 Roth 159.61 99%
Dodecanethiol Alfa-Aesar 202.40 98%
Ethylenediamine Sigma-Aldrich 60.10 99.5%
Ethanol Merck 46.94 p.a.
GaCl3 Sigma-Aldrich 176.08 99.999%
Glutathione Sigma-Aldrich 307.32 99%
H2SO4 Merck 98.08 0.5 M
Hg(ClO4)2 · 6 H2O Alfa-Aesar 507.49 99.999%
In(OAc)3 Sigma-Aldrich 291.95 99.99%
K3[Fe(CN)6] - 329.26 -
K4[Fe(CN)6] - 368.34 -
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KBr Sigma-Aldrich 119.00 FT-IR-grade
KCl Merck 74.55 p.a.
KOH Grüssing 56.11 98.4%
MeOH Sigma-Aldrich 32.04 p.a.
MgBr2 Sigma-Aldrich 184.11 98%
MnBr2 · 4 H2O Sigma-Aldrich 296.81 98%
MnCl2 Sigma-Aldrich 125.84 98%
MnSO4 · H2O Merck 169.02 p.a.
3-Mercaptopropionic acid Merck 106.14 98%
11-Mercaptoundecanoic acid Sigma-Aldrich 218.36 95%
NaCl VWR 58.44 p.a.
NaOH Merck 40.00 0.1-1 M
Octadecene Sigma-Aldrich 254.50 90%
Oleic acid Alfa-Aesar 282.46 90%
Oleylamine Acros 267.49 99%
Palmitic acid Sigma-Aldrich 256.42 98%
i-Propanol VWR 60.10 p.a.
QSil 218 Silicone ACC-Silicones - -
Selenium Sigma-Aldrich 78.97 99.999%
Sodium bis(2-ethylhexyl)-sulfosuccinate Sigma-Aldrich 444.56 97%
Sucrose Sigma-Aldrich 342.30 99%
Sulfur Sigma-Aldrich 32.06 99.98%
Thioglycolic acid Merck 92.11 99%
Tetramethylammoniumhydroxid Sigma-Aldrich 91.15 95%
Toluene Merck 92.14 p.a.
Trioctylphosphine ABCR 370.64 97%
Tris(trimethylsilyl)phosphine Grüssing 250.54 98%
Zn(OAc)2 Sigma-Aldrich 183.48 99.99%
Zn(OAc)2 · 2 H2O Sigma-Aldrich 219.50 99.999%
ZnSO4 Grüssing 287.54 99.5%
A.2. Synthesis of Quantum Dots
CdTe nanocrystals were synthesized following the protocol of ref. [1] by dissolving 2.305 g
(5.5 mmol) of Cd(ClO4)2 · 6 H2O in 250 mL of water and adding 7.15 mmol of the thiol
stabilizing agent dropwise under stirring, followed by an adjustment to pH 12, using a 1 M
solution of NaOH. The solution was placed in a three necked flask and deaerated with Ar
for 30 min. H2Te gas was generated by reacting 0.4 g (0.916 mmol) of Al2Te3 lumps with
10 mL of a 0.5 M H2SO4 solution and passed through the solution with a slow argon flow
under vigorous stirring. The growth of the QDs to the desired size proceeded under open air
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conditions upon refluxing at 100 °C with a condenser attached. Nanocrystals obtained by
this well established approach possess PL-QYs in the range of 10-60%. [2] The sizes of the
CdTe QDs were derived from the 1s-1s transition maximum, following Rogach et al. [3]
Cd1−xHgxTe QDs were synthesized according to the protocol given in reference [4]. The
approach is generally the same as for CdTe QDs. Only a small molar fraction (e.g. 3-10 mol.%)
of the initial Cd(ClO4)2 · 6 H2O is replaced by, according to Hg, an equal molar amount of
Hg(ClO4)2 · 6 H2O, while all other reaction parameters and steps are kept the same. QDs
prepared by this manner possess PL-QYs up to 60%, according to reference [4].
CdSe/ZnS QDs with an alloyed gradient shell were synthesized according to reference [5],
using slight modifications of the synthetic protocol. All amounts used for the synthesis can
be found in Table A.2.
Table A.2.: Amount of precursors for the synthesis of three different CdSe/ZnS quantum dots
(QDs) with an alloyed gradient shell. The synthesis are modified procedures of
reference [5].
Color CdO Zn(OAc)2 Oleic
acid
ODE Se S TOP
green 0.3 mmol
38.5 mg
4.0 mmol
733.9 mg
5.5 mL 20.0 mL 0.25 mmol
19.7 mg
3.50 mmol
112.0 mg
3.0 mL
yellow 1.8 mmol
231.1 mg
2.6 mmol
477.0 mg
5.5 mL 20.0 mL 1.00 mmol
84.2 mg
2.45 mmol
78.7 mg
3.2 mL
red 1.0 mmol
127.5 mg
2.0 mmol
367.0 mg
5.0 mL 23.2 mL 0.20 mmol
15.8 mg
2.00 mmol
64.1 mg
Se: 0.2 mL,
1.6 mL ODE,
S: 1 mL
For green (530 nm) and yellow (570 nm) emitting QDs, a defined amount of CdO, Zn(OAc)2,
OA and ODE were placed in a 50 mL three-necked flask. The mixture was degassed for
1 h and backfilled with inert gas at 100 °C. After heating to 310 °C, defined amounts of
S and Se dissolved together in TOP were rapidly injected into the flask accompanied with
a temperature reduction to 300 °C. After 10 min, the QD solution was cooled to room
temperature, quenched with 20 mL of CHCl3, and followed by two washing steps with an
excess of acetone.
For red (617 nm) emitting QDs, CdO, Zn(OAc)2, OA and ODE were placed in a 50 mL
three-necked flask and degassed for 1 h at 100 °C. After backfilling with inert gas and heating
to 300 °C, Se dissolved in TOP and ODE was injected rapidly into the flask, followed by a
dropwise addition of 0.3 ml DDT after 30 s. 20 minutes later, S dissolved in TOP was added
dropwise to the reaction solution, while holding the mixture at 300 °C for further 10 min. The
QD solution was cooled to room temperature, quenched with 20 mL of CHCl3 and washed
two times with acetone and i-propanol. Finally, the QDs were redispersed in 4 mL CHCl3 to
gain a concentrated solution for the ligand exchange and characterization.
The InZnP cores were synthesized according to reference [6] by mixing 35.4 mg (0.12 mmol)
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In(OAc)3 , 13.8 mg (0.06 mmol) Zn(OAc)2 · 2 H2O, 94.2 mg (0.36 mmol) palmitic acid,
and 8 mL ODE in a 25 mL three-necked flask. The suspension was degassed twice, heated
to 110 °C, and degassed again for 30 min. After backfilling with Ar and heating to 300 °C,
17.4 µL (0.06 mmol) (TMS)3P in 1 mL ODE were rapidly injected into the flask and held
at 230 °C for 2 h. For the GaP shell, a solution of 5 mg (0.03 mmol) GaCl3 and 31.5 µL
(0.1 mmol) oleic acid in 2 mL ODE was added dropwise to the InZnP core solution at 200 °C.
For the ZnS shell formation, 55 mg (0.3 mmol) Zn(OAc)2 were added to the reaction flask
at room temperature and the suspension was heated to 230 °C for 4 h. Finally, 117 µL
(0.5 mmol) DDT were slowly injected into the flask and the mixture was kept at 230 °C for
further 2 h. The obtained multi-shell QDs were purified three times by precipitation with
acetone/methanol (MeOH) and redispersed in toluene, exhibiting a PL-QY of ca. 70%.
The Cu-doped InZnS/ZnS QDs were synthesized according to reference [7]. In a typical
synthesis, 0.051 g (1.6 mmol) S were placed in a 50 mL three-necked flask, degassed threefold
and backfilled with Ar. Subsequently, the desired amounts of 0.4 M In(OAc)3 in OAm, 0.4 M
Zn(OAc)2 in OAm/ODE 3:7 v/v ratio and 0.05 M Cu(OAc)2 in OAm were injected into the
flask. The system is degassed again following the addition of 4 mL DDT and heated under
a continuous Ar flow to 220 °C using a 15 K/min heating rate. After 10 min at 220 °C,
the system is quenched to 100 °C to stop the core growth and 1 mL 0.4 M Zn(OAc)2 in
OAm/ODE 3:7 v/v ratio is added. To initiate the subsequent shell growth, the solution is
heated to 240 °C and kept at this temperature for 20 min. The resulting QD solution is
cooled to room temperature and 10 mL of toluene are added to the crude solution. The QDs
were purified two times by precipitation with MeOH, dried and redispersed in 4 mL of toluene,
exhibiting PL-QYs of 10-20%.
A.3. Ligand Exchange Procedures
PT 1: This protocol is adopted from reference [8]. Water soluble CdSe/ZnS QDs with an
alloyed gradient shell were obtained by mixing 10 mg of QDs dispersed in 10 mL of CHCl3 with
2 mL of pure MPA. The mixture was stirred at 60 °C for 2-3 h, cooled to room temperature
and centrifuged at 5500 rpm. After washing them twice with CHCl3, the QDs were redispersed
in water with a basic pH and stored under ambient conditions.
PT 2: This protocol is based on reference [9] and was designed for CdS capped CdSe QDs.
Here, the QDs were diluted in 10 mL hexane and 10 mL of MeOH containing 0.1 g KOH
and 0.12 mL MPA were added. The mixture was vigorously shaken, centrifuged and the QDs
were redispersed in water with a pH of 10.
PT 3: This procedure is adopted from reference [10] and can be used for CdSe/CdS/ZnS
core/shell/shell QDs. Here, 20 mL of 1 µM QD solution is stirred for 30 min with 3 mL of
EtOH containing 1 g of AMP at a pH of 10. Subsequently, water is added to the mixture till
the phases separate and the aqueous phase is washed twice by precipitation with acetone.
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PT 4: In this protocol, 30 mg/ml AOT was added to a 235 µM solution of CdSe QDs in
hexane. 0.5 ml of this solution are then mixed with 10 mL of an aqueous 0.05 M NaCl
solution at pH 6 to form an oil-in-water emulsion. Subsequently, the mixture is stirred and
heated to 85 °C to boil off the hexane, leaving a turbid solution. A precipitation at 8300 g
for 1 h was used to clean the turbidity and the resulting clear solution was used for further
investigations. This protocol is based on reference [11].
PT 5: Based on reference [12], CdSe/ZnS QDs were phase transferred using the following
steps: 2 mL of a QD solution in CHCl3 with an optical density of ca. 2 were added to 2 mL
of an aqueous MPA solution with roughly 150 mol.% of MPA corresponding to the total
number of Cd and/or Zn atoms on the QDs surface. The resulting mixture was stirred for
two hours, centrifuged and the precipitated QDs were redispersed in water with a pH of 10.8.
PT 6: In this protocol based on reference [13], 1 mL of CdSe/ZnS QDs with an OD of
1 were mixed with 1 mL of a 1:1 v:v ratio of MPA:MeOH and vigorously stirred. After
30 s, 1 mL of water and 0.1 mL of 1 M KOH solution are added to the QDs and stirred for
20 min. Afterwards, the phases are separated and the aqueous phase is used without further
purification.
PT 7: Using the approach of reference [14], 5 mL of an 0.1 mM solution of CdSe/ZnS QDs
in CHCl3 were stirred for 30 min together with 0.5 mL of a 1:10 v:v mixture of MPA and
MeOH at pH 12. Subsequently, 5 mL of water were added and the mixture was further stirred
for 20 min. The phases were then separated and the aqueous phase could be used without
further purifications or after a precipitation using acetone.
PT 8: Based on reference [15], CdSe/ZnS QDs dissolved in CHCl3 were mixed with pure TGA,
to gain a 1 M TGA solution. After stirring for 2 h, an equal volume of aqueous phosphate
buffered saline solution at pH 7.4 is added. The resulting system is shaken vigorously, the
phases were separated and the aqueous layer was washed four times by precipitation using
acetone.
PT 9-11: Here, long chain aliphatic acids on the QDs surface were exchanged with short
chain bi-functional thiols using a modified protocol of reference [16]. 30 µL of concentrated
CdSe/ZnS QDs solution were diluted with 500 µL CHCl3 and mixed with a 0.2 M aqueous
mercaptocarboxolic acid (TGA, MUA or MPA) solution at pH of 10. After shaking vigorously
for 4 h, phases were separated and the aqueous phase was used without further purification.
PT 12: This approach, based on reference [17], uses a two-step ligand exchange procedure
instead of the other, one-step methods. In the first step, 0.5 mL diluted QD solution (either
CdSe/ZnS or CdSe/CdS) in CHCl3 are mixed with an equal amount of EDA and shaken
for 30 min. Subsequently, 1 mL of a 0.2 M alkaline aqueous solution (pH 11-12) of the
new stabilizing agent (e.g. TGA, MPA, MUA or MSA) is added. The resulting mixture is
vigorously shaken for further 1-2 h. Afterwards, the phases are separated and the QDs are
precipitated by i-propanol and centrifuged at 5500 g for 60 min, dried and redispersed in pure
water.
PT 13: In this procedure, a 3 mM solution of PbS QDs in CHCl3 stabilized by OA is mixed
with a 0.15 M solution of GSH in water (pH 5) of equal volume. The resulting two phase
system is shaken for 10 min at room temperature and the phases were separated afterwards.
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Water soluble PbS QDs obtained by this method based on reference [18] can be used directly
or after filtering through a 22 µm pore size filter.
A.4. Preparation of Mixed Crystals
The preparation of the mixed crystals using the classical procedure was performed by mixing
25 mL of a saturated salt/sucrose solution with 5 mL of a QD solution in a 30 mL beaker.
Protected from dust, the solutions were stored under ambient conditions or at 30 °C in an
oven. The crystallization was complete when the parental solution turned colorless. The
crystals formed were removed from the parental solution, rinsed with cold water and dried.
Although the influence of the colloidal species on the growth and structure of ionic crystals is
expected, not any remarkable effects were observed in the experiments. Except from this,
only the change from cubic to an octahedral shape in the case of NaCl as host matrix could
be observed. This can be explained with the coordinating properties of the QDs stabilizing
agent, as discussed in Chapter 2.2.1. Most probably, the low loading values of the QDs into
the crystals (below 1%) are responsible for the absence of influences on the crystallographic
structure.
LLDC-based mixed crystals were prepared using a different approach. The fast preparation of
the mixed crystals with an aqueous suspension of CdTe QDs was performed by firstly placing
5 mL of MeOH in a glass vial. Subsequently, a mixture of 0.5 g NaCl and 1.7 mL CdTe QDs
was slowly injected to the bottom of the vial, forming an aqueous layer below the MeOH with
a stable interface between the two liquids. Due to the spontaneous diffusion of MeOH into
the NaCl solution, the solubility of the salt is gradually decreased which leads to the formation
of mixed crystals within 15-20 h. For the phase transferred CdSe/ZnS and InZnP/GaP/ZnS
QDs, a similar approach is used. Preparing mixed crystals directly from organic solvent-based
QDs uses a modified, two-step LLDC-approach. Here, first 3 mL of saturated NaCl in MeOH
are injected into 2 mL of a diluted QD solution (50 µL QDs and 1950 µL CHCl3). Within
this mixture, NaCl crystal seeds are formed within seconds, causing a slight turbidity of the
solution. The solution is then centrifuged for 3 min at 3260 g to separate the supernatant
solution from the seeds, which are washed three times with MeOH and redispersed in 5 mL
of pure MeOH afterwards. To form the proper mixed crystals, 1.7 mL of water dissolving
0.5 g NaCl is injected under the seed-MeOH layer and stored for 20 h.
Furthermore, one single batch of MPA-stabilized CdTe QDs was mixed with saturated solutions
of the following, multiionic salts shown in Table A.3. These salts were chosen according to
their non-acidic character, to avoid potential pH induced destabilization of the QDs. Directly
following the addition of the QDs towards the salt solutions, the formation of more or less
pronounced turbidity was observed, a clear indication for rapid destabilization of the QDs. A
problem related to the CdTe batch itself can be excluded, since the control experiment with
NaCl as host matrix delivered a highly stable parental solution and strongly emitting mixed
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crystals. For bivalent cations, a formation of complexes analogous to tetrazole stabilized QDs
can be assumed. This would also explain the gel-like character of the resulting precipitate
after 24h of storage, indicating the formation of a not completely aggregated network and
the remained fluorescence of it. On the other hand, this explanation cannot be used for
the monovalent potassium ions in case of the two prussiates of potash. Here, a chemical
interaction (e.g. oxidation) between the salt ions and the QDs is more likely, also since the
fluorescence of the precipitate was completely quenched.
Table A.3.: Salts used within the multivalent mixed crystallization approach
Salt Formula
Barium bromide BaBr2
Barium chloride BaCl2
Barium nitrate Ba(NO3)2
Copper sulfate CuSO4
Magnesium bromide MgBr2
Manganese bromide MnBr2
Manganese chloride MnCl2
Manganese sulfate MnSO4
Potassium ferrocyanide K4[Fe(CN)6]
Potassium ferricyanide K3[Fe(CN)6]
Zinc acetate Zn(CH3COO)2
Zinc sulfate ZnSO4
A.5. LED Preparation
To prepare color conversion LEDs, mixed crystals were milled to a fine powder and varying
amounts of the differently emitting powders were blended with a two component silicone
resin (ACC Silicones) on top of a blue emitting commercial InGaN LED. The mixture was
hardened for 2 h at 70 °C, forming a homogeneous phosphor layer. In case of borax-based
mixed crystals, the powder was dried under vacuum at 70 °C over night to remove main parts
of the crystal water before preparing the conversion layer.
A.6. Stability Tests
Emission stability tests: All of the samples were placed in the focus of a 1000 W xenon
lamp equipped with a water filter to cut of the NIR part of the spectrum. The samples
were carefully prepared to achieve comparable optical densities. The cuvettes containing the
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samples were placed in a holder with a fixed temperature of 25 °C, reducing the temperature
influence on the stability investigations.
The mixed crystals were used without further treatment and placed as solid samples within
a cuvette. For mechanically mixed references, the QDs have been concentrated in a rotary
evaporator ~10 times and were precipitated with i-propanol. Precipitates were separated,
dried under inert atmosphere and carefully mechanically mixed with either NaCl, PMMA or
glass powder.
The polymer-QD-composites were prepared according to reference [19]. The QDs were
concentrated with a rotary evaporator ~10 times. 2 mL of the resulting concentrated solution
was mixed with 1 mL freshly distilled styrene and 20 mg of Octadecyl-p-vinylbenzyldimethyl-
ammonium chloride (OVDAC) were added. The mixture was intensively stirred for 30 min
until all the QDs were functionalized with OVDAC and transferred into the styrene. The
styrene was separated from the water phase and either diluted with 1 mL of styrene or
methylmethacrylate. The monomer solutions were polymerized at 70 °C in an oven for 24 h
using 0.2 wt.-% azobisisobutyronitrile (AIBN) as initiator.
Chemical stability test: The prepared mixed crystals, either with aqueous or organic-based
QDs, were placed in a 0.5 M solution of benzoyl peroxide, a strong oxidizing agent, in toluene
for 24 h to confirm that the QDs are incorporated into the salt matrix. The test was performed
with the pure QDs (for the CHCl3 soluble QDs) and, with mixed crystals prepared by both,
the classical method as well as the LLDC-approach.
LED stability test: The stability of the mixed crystal emission was tested by integrating green,
yellow, and red mixed crystals on a blue LED. The LED was driven at 300 mA for 4 days. The
emission intensity of the LED was recorded using a FluoroMax-4 spectrofluorometer (Horiba
Jobin Yvon). The temperature of the LED chips was measured using an FLIR A655sc infrared
camera. The LEDs were operated by application of a square wave modulation (1 kHz, 50%
duty cycle, 300 mA peak-to-peak current).
A.7. Instrumentation
For all optical characterizations, cuvettes made from SUPRASIL® quartz were used.
UV-Vis absorption spectra were recorded at room temperature using a Cary 50 spectropho-
tometer (Varian). The spectra were measured together with a baseline of the corresponding,
spectroscopic grade pure solvent.
PL-measurements, including relative PL-QY determinations, were conducted on a FluoroMax-4
spectrofluorometer (Horiba Jobin Yvon). PL-QYs of the QDs were measured by a comparison
with Rhodamine 6G and Rhodamine 101 (both Radiant Dyes Laser) in ethanol, assuming
their PL-QY as 91% and 91.5% respectively. [20]
Absolute PL-QY measurements were conducted both in Dresden and at the BAM (Bunde-
sanstalt für Materialprüfung und -forschung) in Berlin.
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In Dresden, a FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon) equipped with a Quanta-
Φ integrating sphere was used for absolute PL-QY determinations. QDs in solution were
investigated in 10 * 4 mm quartz cuvettes in order to minimize reabsorption. Powders of
milled QD-salt crystals were distributed uniformly within Spectralon®-holders, covered with
a quartz-glass slip and mounted at the bottom of the integrating sphere. A solvent-filled
cuvette or a Spectralon®-holder with the corresponding pure salt were used as blanks.
In Berlin, a home-built, calibrated system was used. Further details on the setup, calibration,
and measurement protocols can be found in reference [20]. Sample excitation was fixed
at 480 nm using a xenon lamp coupled into a single monochromator. Sample and blank
were center mounted in a 6 in. spectraflect-coated integrating sphere (Labsphere GmbH).
The emitted and scattered light was collected with a quartz fiber coupled to the integrating
sphere, attached to an imaging spectrograph (Shamrock303i, Andor Inc.) and detected with
a Peltier-cooled thinned back side illuminated deep depletion charge coupled device (CCD
array). The spectral responsivity of the detection channel was determined with a calibrated
tungsten lamp (integrating sphere-type spectral radiance transfer standard from Gigahertz of
known spectral radiance), thus providing traceability to the spectral radiance scale. [20–22] QDs
in solution were investigated in 10 * 4 mm quartz cuvettes in order to minimize reabsorption.
Powders of milled QD-salt crystals were distributed uniformly in a 200 µm thick round cuvette
(diameter 15 mm) or embedded into a silicon pellet (see Figure 3.3). The powder samples
were tilted with respect to the entrance port of the sphere in order to collect most of the
scattered excitation light to ensure minimal measurement uncertainties. Either a solvent-filled
cuvette, a round cuvette filled with the pure salt used as a QD matrix or a silicone pellet
doped with QD-free pure salt were used as blanks for the determination of the number of
absorbed photons from the transmitted and reflected incident spectral radiant flux and the
blank correction of the emission spectra. [21, 23]
PL-LT measurements were conducted in Dresden on a FluoroLog-3 spectrofluorometer (Horiba
Jobin Yvon) equipped with a pulsed LED diode and a TCSPC module at room temperature.
In Berlin, an Edinburgh Instrument lifetime spectrometer (FLS 920) equipped with a supercon-
tinuum laser (SC400-PP, Fianium) as a pulsed excitation light source (pulse frequencies of 0.5
or 1 MHz and a pulse width of 150 ps), a double monochromator, a MCP-PMT (R3809U-50,
Hamamatsu), and a time-correlated single- photon-counting (TCSPC) module (TCC 900)
were used for signal detection.
In both setups, the instrument response function was measured with a non-luminescent
scatterer at the excitation wavelength. The luminescence decays of the QDs in solution,
in the crystal matrices, and in the silicon pellets were measured with identical instrument
settings to obtain comparable values, e.g., identical excitation wavelengths, detection at the
emission maximum, identical detection/excitation bandpasses, and repetition rates. For data
evaluation, the PL-LTs of these multiexponential decays were set equal to the time when the
intensity corresponds to 10,000/e of the initial intensity.
Fluorescence microscopic investigations of the mixed crystals were performed on a Zeiss
Axiostar plus fluorescence microscope on glass slides.
Thin sheets for the TEM measurements were prepared following the method of Glauert using a
A. Appendix 127
Leica ultramicrotome. Two different epoxy hosts were used during the preparation of the thin
sheets. As the first host, an epoxy resin Araldite 6005 Kit (Electron Microscopy Sciences) was
warmed and the components were mixed according to reference [24], filled into the mold, and
the mixed crystals were placed within the resin. After curing at 60 °C, the epoxy-mixed crystal
composite was trimmed and sectioned into 200 nm thin sheets, using an ultramicrotome and
an ethanol bath. Secondly, mixed crystals were embedded into histological resin (Kulzer)
which is prepared by mixing resin and cross-linker with the ratio of 15:1 v:v. In order to initiate
the cross-linking process, samples were exposed to UV light at 254 nm for 15 min and then
stored at room temperature for complete solidification. After one week, sheets of 200 nm
thickness were obtained using a Leica ultramicrotome. The sheets were placed on 200 mesh
carbon-coated copper grids for the subsequent TEM investigations. TEM measurements were
performed using a FEI Tecnai G2 F30.
Thermogravimetric analysis were performed on a TGA/DSC1 STARE System (Mettler Toledo)
using alumina crucibles and pressured air as purging gas.
Anodic stripping voltammetric (ASV) analyses were performed on a PGSTAT 128N electro-
chemical workstation (Metrohm). The measurements were conducted in usual three electrode
configuration using a glassy carbon as working-, a saturated calomel electrode (SCE) as
reference- and a Pt-flag as counter-electrode. A detailed description of the measurement
procedure is described in the literature. [25, 26] The analyte concentration was determined by
applying the standard addition method using a Cd standard solution.
LED stability tests were conducted by application of a square wave modulation (1 kHz or
1/3 Hz, 50% duty cycle, 300 mA peak-to-peak current).
A.8. Sample Overview on PL-QY Measurements
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Table A.4.: Synthetic information about the samples investigated during the comparative PL-QY investigations. Adopted by
courtesy of Chem. Mater. 2014, 26, 3231. Copyright 2014, American Chemical Society.
Size PL-QY
in H2O/
CHCl3
PL-QY
in NaCl
PL-QY
in salt-
silicone
PL-QY
in borax
Enhance-
ment
factors
Material Stabilizer Synthetic
route
PL-LT
in H2O/
CHCl3
PL-LT
in NaCl
PL-LT
in salt-
silicone
nm % % % % ns ns ns
2.10 10.70 29.59 2.77 CdTe MPA aqueous 11.0 28.3
2.54 17.30 24.20 1.40 CdTe MPA aqueous 20.8 15.6
2.62 20.30 26.54 1.31 CdTe MPA aqueous 18.6 13.2
2.77 25.23 29.70 1.18 CdTe MPA aqueous 17.8 16.6
3.03 31.00 35.00 35.55 33.53 1.15 CdTe MPA aqueous 31.3 23.4 22.5
2.98 13.47 33.91 2.52 CdTe MPA aqueous 25.4 23.9
2.98 13.47 31.91 2.37 CdTe MPA aqueous 25.4
2.54 27.70 23.20 0.84 CdTe MPA aqueous 20.3 25.1
2.31 30.40 47.49 34.30 1.56 CdTe TGA aqueous 16.0 18.6
2.31 30.40 34.04 1.12 CdTe TGA aqueous 16.0
2.68 48.40 79.60 60.88 1.26 CdTe TGA aqueous 14.9 21.5
2.71 57.70 61.67 1.07 CdTe TGA aqueous 16.6 15.7
mix. 26.10 38.44 1.47 CdTe MPA/TGA aqueous
mix. 27.48 60.61 2.21 CdTe MPA/TGA aqueous 21.5 17.6
n.d. 17.91/
53.13
23.35 1.30 CdSe/ZnS MPA/OA hot injec-
tion
19.5/
13.3
25.0
n.d. 37.60/
72.93
38.60 1.03 CdSe/ZnS MPA/OA hot injec-
tion
17.1/
21.7
11.5
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Table A.5.: Spectroscopic data of the CdTe samples shown in Figure 3.7. The samples were ordered by their emission maximum
shift. The first samples show a PL-QY increase, that fall below the maximum enhancement predicted by the
virtual cavity model, as discussed in reference [27]. All samples starting from the seventh line exceed the predicted
PL-QY enhancement. It can be seen clearly, that those samples show a larger shift towards lower energies in PL
maximum except for the last sample with the largest shift. This particular sample was, in comparison to all others,
washed from the excess of stabilizer prior to incorporation into the salt matrix. This procedure can facilitate the
formation of small aggregates resulting in larger PL red-shifts. Adopted by courtesy of Chem. Mater. 2014, 26,
3231. Copyright 2014, American Chemical Society.
PL-max in
solution
PL-QY in
solution
PL-max in
salt
PL-QY in
salt
PL-QY en-
hancement
Enhancement
explained by
models
Shift of PL-
max related
to nm
Shift of PL-
max related
to eV
nm % nm % % % % %
627 25.2 624 29.7 17.72 36.80 -0.48 0.48
614 17.3 612 24.2 39.88 42.40 -0.33 0.33
612 27.7 616 23.2 -16.25 35.50 0.65 -0.65
648 31 655 35.5 14.52 32.90 1.08 -1.07
611 20 621 27 35.00 40.20 1.64 -1.61
546 30 555 34 13.33 33.50 1.65 -1.62
578 48 589 61 27.08 22.90 1.90 -1.87
550 11 561 28 154.55 46.90 2.00 -1.96
645 13 659 34 161.54 45.30 2.17 -2.12
550 11 562 30 172.73 46.90 2.18 -2.14
546 30.3 558 79.6 162.71 33.50 2.20 -2.15
546 30 559 48 60.00 33.50 2.38 -2.33
550 11 565 23 109.09 46.90 2.73 -2.65
645 13 663 32 146.15 45.30 2.79 -2.71
584 58 615 62 6.90 17.70 5.31 -5.04
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